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Surface functionalization with polymer chains was investigated as an effective and 
versatile approach for the control of the surface properties. Controlled grafting of well-
defined and functional polymer brushes on the hydrogen-terminated Si(100) substrates 
(the Si-H substrates) was carried out via surface-initiated living free radical 
polymerization (ATRP and RAFT) polymerization. Surface initiators were 
immobilized on the Si-H substrates in three consecutive steps: (i) coupling of an ω–
unsaturated alkyl ester to the Si-H surface under UV irradiation, (ii) reduction of the 
ester groups by LiAlH4, and (iii) esterification of the surface-tethered hydroxyl groups 
with 2-bromoisobutyryl bromide (for ATRP) or 4,4’-azobis(4-cyanopentanoic acid) 
(for RAFT polymerization). Homopolymer brushes of methyl methacrylate (MMA), 
(2-dimethylamino)ethyl methacrylate (DMAEMA), poly(ethylene glycol) methacrylate 
(PEGMA), and glycidyl methacrylates (GMA) were prepared by surface-initiated 
ATRP. The rate of surface-initiated ATRP of GMA was enhanced in aqueous mixture 
(DMF/water) medium. The epoxy functional groups on the resulting Si-g-PGMA 
surface were preserved quantitatively. Diblock copolymer brushes consisting of 
PMMA and PDMAEMA blocks were obtained on the silicon surfaces using either type 
of the homopolymer brushes as the macroinitiators for ATRP of the second monomer. 
On the other hand, homopolymer brushes of 4-vinylbenzyl chloride (VBC) were 
prepared by surface-initiated RAFT polymerization on the Si-H surface with the 
immobilized azo initiators. The benzyl chloride groups of the grafted VBC polymer 
(PVBC) were subsequently derivatized into the viologen groups (Si-g-viologen 
surface). The redox-responsive property of the Si-g-viologen surfaces was 
demonstrated by photoreduction of the surface adsorbed Pd(II) and Au(III) ions to 
their respective metallic form. Electroless plating of copper could be carried out 
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effectively on the Si-g-viologen surface with the photo-reduced palladium metal. 
Living free radical polymerization from the Si-H surfaces allowed the preparation of 
polymeric-inorganic hybrid materials with well-structured surface and interface.  
 
Surface functionalization of oriented single crystal silicon substrate is also carried out 
by plasma graft polymerization of 4-vinylpyridine (4VP). The pyridine functional 
groups of the plasma polymerized 4VP (pp-4VP) films could be retained, to a certain 
extent, under proper glow discharge conditions, such as a low input RF power. AFM 
images revealed that the pp-4VP-grafted Si(100) (pp-4VP-Si) surfaces remained 
relatively smooth. The grafted pp-4VP film on the Si(100) surface was used not only 
as the chemisorption sites for the palladium complexes (without the need for prior 
sensitization by SnCl2 ) during the electroless plating of copper, but also as an adhesion 
promotion layer for the electrolessly deposited copper.  
 
Surface modification of SiLK® film coated silicon wafer (SiLK-Si substrate) was 
carried out via UV-induced graft copolymerization. The 4VP, 2-vinylpyridine (2VP) 
and vinylimidazole (VIDz) graft copolymerized SiLK-Si surfaces could be activated 
via Sn-free process for the electroless metallization. The Sn-free process involved 
initially the chemisorption of palladium, in the complex form, on the pyridine or 
imidazole group of the graft polymer. The palladium complex underwent a reduction 
to Pd metal in the electroless copper or nickel plating bath prior to the initiation of the 
electroless metal deposition. The 4VP, 2VP and VIDz graft copolymerized SiLK-Si 
surfaces exhibited the enhanced adhesion with electrolessly deposited copper and 
nickel.  
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Silicon is the most important semiconductor material and has a wide application in the 
microelectronic industry. With few exceptions, all microprocessor chips in the 
electronic products are based on the flat single crystal silicon wafer (Campbell, 1996). 
As the size of electronic device on silicon chips reduces to below 100 nm regime, the 
ratio of the surface/bulk atoms becomes increasingly important. The chemical nature 
of these surface and interface atoms plays a more crucial role in the proper function 
and characteristics of the devices. Silicon-based devices in other applications also 
demand control over the interfacial characteristics, such as DNA microarray (Freeman 
et al., 2000; Hansen et al., 2001), lab-on-a-chip (Becker and Locascio, 2002; Lenigk, 
2001), µ-TAS (total automated systems) (Drott et al.,1997; Eijkel et al., 1998), MEMS 
and NEMS (micro- and nano- electromechanical systems) (Weigl and Yager, 1999; 
Maboudian, 1998; Craighead, 2000). The complete understanding and control of 
silicon surface is of great importance in the production of silicon-based devices for 
applications ranging from advanced microelectronics to biomaterials (Nalwa, 2001). 
 
Recently, there has been growing interest in the functionalization of silicon and other 
semiconductor surfaces with organic molecules to modify the surface and interfacial 
properties of these substrates. The motivation for immobilizing organic compounds to 
an inorganic semiconductor surface stems from a desire to impart organic 
functionalities to a semiconductor device.  Molecular properties, such as chirality, 
molecular recognition, nonlinear optical properties, and biocompatibility, can be 
readily introduced onto silicon surfaces via covalent bond of the relevant organic 
compounds (Cui et al., 2001; Buriak 2002; Wolkow 1999; Yates, 1998).  For example, 
immobilization of organic molecules on semiconductor substrates provides opportunity 
to fabricate integrated chip-based sensors (Birkinshaw et al., 1996; Zee and Judy, 
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2001). The organic layer that was used as recognition sites in the sensors may be 
terminated with a variety of end groups, which respond to different chemical or 
biological stimuli. In such a system, the organic layer provides the molecular 
recognition function. A "sensing" response occurs if specie of interest binds to the end 
group, causing transduction of signal within the organic layer. On the other hand, 
semiconductor substrate provides capabilities for signal processing, data storage, logic, 
and even wireless communication. Key to such a device is the attachment of an organic 
layer to the semiconductor substrate, where the organic layer can be engineered with a 
variety of end groups designed for molecular recognition. It remains a challenge to 
develop strategies for incorporating molecular receptors of a general nature onto the 
semiconductor surface.  
 
Hybrid organic/semiconductor materials are being explored for use in molecular 
electronics and for imparting biocompatibility to semiconductor devices in 
implantation (Sharma et al., 2003; Sofia et al., 1998). Organic materials are also used 
in the more conventional microelectronics processing, such as new-generation 
dielectric materials (low κ) for metal interconnect isolation (Maier, 2001), or surface 
passivation layers in microfluidics and microelectromechanical systems (MEMS) (Zhu 
et al., 2002). Recently, monolayer immobilized on the hydrogen-terminated silicon 
surfaces as an adhesion promoter and diffusion barrier for metals has been reported 
(Xu et al., 2002). 
 
Apart from the monolayers prepared by the Langmuir-Blodgett method, much work 
has involved self-assembled monolayers (SAMs), such as thiols on gold surface and 
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silanes on oxidized silicon surface (Ulman, 1996). SAMs provide good opportunity for 
surface modification and functionalization. However, these SAMs are chemically less 
robust. For example, monolayers of thiols on gold can be easily removed when heated 
in a solvent (Tillman et al., 1989). Trichlorosilane-derived monolayers exhibit good 
stability. However, the silicon-oxygen bonds are susceptible to hydrolysis and are 
labile in hydrofluoric acid (Calistri-Yeh et al., 1996). 
 
In addition, for many potential applications in molecular electronics, the SiO2 layer on 
silicon substrates is not desirable as it presents an additional insulating barrier between 
organic layer and silicon substrate, if a direct electronic connection is required. Unless 
grown under carefully controlled conditions, the Si/SiO2 interface has a high density 
of electronic defects, which limit its use in future devices (Sze, 1981). 
 
Direct covalent attachment of organic monolayer based on Si-C bond to single crystal 
silicon surface in the absence of the native oxide layer may provide the answer to 
many of the above problems. (Linford et al., 1995; Sieval et al., 1998; Boukherroub et 
al., 1999; Boukherroub and Wayner 1999; Cicero et al., 2000; Buriak 1999). The 
silicon-carbon bond is both thermodynamically and kinetically stable due to high bond 
strength and low polarity of the bond. In addition, vast resources of the organic and 
organometallic chemistry can be used to introduce a broad range of functionalities to 
the silicon surface. Previous studies have shown that alky monolayer can be covalently 
tethered to the hydrogen-terminated Si(100) or Si(111) surface via the use of a radical 
initiator, or a metal complex catalyst, as well as via thermal activation, 
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photoirradiation, or electrochemical reaction (Buriak, 1999; Buriak 2002; Wayner and 
Wolkow, 2002). 
 
However, the density of functional groups provided by the monolayers is somewhat 
limited. Other methods such as surface modification with polymer chains show 
promise to provide a higher density of functional groups.  
 
Generally, the tethering of polymer chains onto a solid surface can be carried out via 
physical adsorption or chemical grafting (Zhao and Brittain, 2000). Physisorption is a 
reversible process and is achieved by the self-assembly of block copolymer on a solid 
surface or by electrically adsorption of the opposite polyelectrolytes. Preparation of 
polymer brushes by adsorption of block copolymer from a selective solvent is not 
difficult. However, the polymer brushes exhibit thermal and solvolytic instability due 
to the weak interaction of polymer chain and the substrate surfaces. Some of these 
drawbacks could be overcome by covalently tethering polymer chains to substrates. 
 
Surface grafting of polymer brushes has been investigated as an effective and versatile 
method for the control of the surface properties. The process involves either the 
“grafting-to” or “grafting-from” approach (Zhao and Brittain, 2000). In the "grafting 
to" approach, preformed end-functionalized polymer molecules react with an 
appropriate substrate to form polymer brushes. Only very small amount of the polymer 
(typically less than 5 mg/m2) can be immobilized to the substrates using the “grafting 
to” method (Mansky et al., 1997). The "grafting from" approach is a more promising 
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method for the synthesis of polymer brushes with a high grafting density (Prucker and 
Rühe, 1998).  
 
"Grafting from" can be carried out, for instance, by treating a substrate with plasma or 
glow-discharge to generate the immobilized initiators, such as peroxide, followed by 
thermal or UV-induced graft polymerization (Zhao and Brittain, 2000; Kato et al., 
2003). However, "grafting from" initiator-containing self-assembled monolayers 
(SAMs) is more attractive since a high density of initiators is immobilized on the 
surface and the initiation mechanism is more well-defined (Prucker and Rühe, 1998). 
  
On the other hand, progress in polymerization techniques has made it possible to 
produce well-defined graft polymer chains on the surface. Polymerization methods 
that have been used to synthesize polymer brushes include cationic polymerization 
(Jordan and Ulman, 1998), anionic polymerization (Jordan and Ulman, 1999; Ingall et 
al., 1999), ring-opening polymerization (Juang et al., 2001; Kim et al., 2000; Weck et 
al., 1999), and radical polymerization (Prucker and Rühe, 1998; de Boer et al., 2000). 
Recently, most of the studies are centered on the synthesis of well-defined polymer 
brushes by living free radical polymerization (Ejaz et al., 1998; Husseman et al., 1999; 
Huang and Wirth; 1999; Matyjaszewski et al., 1999; Zhao and Brittain, 1999; 
Yamamoto et al., 2000; Zhao et al., 2000; Mori et al., 2001; Baum and Brittain, 2002). 
This technique combines the virtues of living ion polymerizations with the versatility 
and convenience of free radical polymerization. Successful examples of the living free 
radical polymerization include nitroxide-mediated radical polymerization (Hawker et 
al., 2001), atom transfer radical polymerization (ATRP) (Matyjaszewski and Xia, 
 6
2001; Kamigaito et al., 2001), and reversible addition-fragmentation chain transfer 
(RAFT) polymerization (Chiefari et al., 1998).  
 
Thin polymeric layers on the solid substrates play a key role in many processes aimed 
at modifying surface properties. The general idea is to optimize the bulk properties of 
a device or system component independently from its surface properties.  Despite the 
enormous practical importance of the surface modification process, little is known 
about the fundamentals of what actually determines the physical and chemical 
properties of the polymeric layer on the solid surface. 
 
The purpose of this thesis is to functionalize the silicon surface via the graft 
polymerization techniques, such as surface-initiated living free radical polymerization, 
UV-induced graft polymerization and plasma graft polymerization. The applications of 
the graft-modified silicon surface in simplifying the electroless plating process and in 
promoting the adhesion of the electrolessly deposited metal with the substrate are also 
explored. 
 
Chapter 2 presents an overview of the related literatures. Chapter 3 describes the 
functionalization of the hydrogen-terminated Si(100) substrates (the Si-H substrate) 
with well-defined polymer brushes prepared by the surface-initiated atom transfer 
radical polymerization (ATRP). Immobilization of initiators on the hydrogen-
terminated (100)-oriented single crystal silicon (Si-H) surfaces was first carried out. 
Homopolymer brushes of methyl methacrylate (MMA), (2-dimethylamonio)ethyl 
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methacrylate (DMAEMA), poly(ethylene glycol) monomethacrylate (PEGMA), and 
glycidyl methacrylate (GMA) were prepared by ATRP from the initiator-
functionalized surface. The effect of water on polymerization rate was investigated. 
Relationship between polymer brush thickness and polymerization time was also 
investigated. Diblock copolymer brushes consisting of PMMA and PDMAEMA 
blocks were prepared. Functionalization of the grafted PGMA brushes was 
demonstrated by reaction of the epoxide groups with ethylenediamine. 
 
Chapter 4 describes the functionalization of the Si-H substrate with well-defined 
functional polymer brushes by surface-initiated reversible addition-fragmentation 
chain transfer (RAFT) polymerization. Homopolymer brushes of 4-vinylbenzyl 
chloride (VBC) were first prepared on the Si-H substrate, using dithioester as chain 
transfer agent and surface-immobilized azo specie as the initiator. The relationship 
between the polymer film thickness and the reaction time was investigated. Block 
copolymerization of pentafluorostyrene (FS), using the VBC polymer (PVBC) brushes 
as the macro chain transfer agents, was carried out to ascertain the “living” character of 
the PVBC-grafted silicon surface. The benzyl chloride groups of the PVBC brushes 
were derivatized into the viologen moieties (the Si-g-viologen surface). The redox-
responsive property of the viologen polymer brushes was demonstrated by photo-
reduction of the surface-adsorbed Pd(II) and Au(III) ions. Electroless plating of copper 
on the Si-g-viologen surfaces with the photo-reduced palladium metal was explored. 
Adhesion strength of the electrolessly deposited copper with the Si-g-viologen surface 
was evaluated.  
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Chapter 5 is concerned with the functionalization of silicon surface by plasma graft 
polymerization of 4-vinylpyridine (4VP) and its application in electroless plating of 
copper. The effect of plasma graft polymerization parameters, such as plasma power, 
monomer temperature, carrier gas flow rate, on the graft concentration and chemical 
composition was explored. Application of the plasma polymerized 4VP (pp-4VP) film 
as the chemisorption sites ligating palladium complexes for simplifying the electroless 
plating process was investigated. In addition, application of pp-4VP layer as an 
adhesion promotion layer for the electrolessly deposited copper was also investigated.  
 
Chapter 6 is dedicated to functionalization of dielectric SiLK® film coated silicon 
surface (SiLK-Si substrate) via UV-induced graft copolymerization and its application 
in electroless metallization of copper and nickel. SiLK-Si surface was Ar plasma-
pretreated, followed by UV-induced graft copolymerization with three N-containing 
vinyl monomers. Application of graft copolymerized SiLK-Si surfaces in Sn-free 
activation process and as adhesion promoter with electrolessly deposited copper and 









2.1 Surface Functionalization of Silicon Substrates via Self-assembled Monolayers 
 
2.1.1 Introduction to Silicon Surface  
 
Silicon is the predominant semiconductor material used in the microelectronics 
industry, due in part to several important properties. Silicon can be produced in single 
crystalline form with 99.999999999% purity. Upon exposure to air, single crystal 
silicon becomes coated with a thin, native oxide layer that can be removed chemically 
by hydrofluoric acid or thermally under ultra-high vacuum (UHV) conditions. Its 
electronic properties can be tuned dramatically by substituting only a small fraction of 
silicon atoms in the lattice with another element in a process called "doping". Single 
crystal silicon wafer of high purity are commercially available and relatively 
inexpensive. 
 
Silicon crystals have the diamond structure, i.e. the silicon atoms are sp3 hybridized 
and bonded to four nearest neighbors in tetrahedral coordination. The covalent bond is 
2.35 Å long and has a bond strength of 226 kJ/mol (Waltenburg and Yates, 1995). 
When the crystal is cut or cleaved, bond is broken, creating dangling bonds at the 
surface. The dangling bonds are the sources of the chemical activity of silicon surfaces. 
The number and direction of these dangling bonds will depend on the macroscopic 
direction of the surface normal. Reducing the number of the dangling bonds via 
rebonding can lower the surface energy, and this leads to a wide variety of surface 
reconstructures (Waltenburg and Yates, 1995). The most industrially important 
crystallographic faces of silicon are the Si(100) and Si(111) surfaces, although other Si 
orientations are known.  
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For the preparation of functionalized, non-oxidized silicon interfaces, hydrogen 
terminated silicon surface generally serve as an ideal starting point. In 1989 chabal et. 
al. described a simple wet chemical method for the preparation of atomically flat 
hydrogen terminated Si(111) (Si(111)-H) surface. HF etching of Si(111) at pH 8–9 
(i.e. ammonium fluoride) resulted in the formation of Si(111)–H in which the Si–H 
bond is oriented normal to the surface. A very sharp, narrow stretch (Si-H) at 2083.7 
cm-1 (line width = ~1 cm-1) was observed by attenuated total reflectance (ATR) FTIR 
from the prepared Si(111)-H surface. STM studies show the surfaces are reasonably 
stable, atomically flat, and of very high quality, both structurally and electronically. 
The widely accepted mechanism of the ammonium fluoride etching of Si(111) is step-
flow mechanism (Allongue et al., 2000; Huang et al., 1998).  A rate limiting oxidative 
addition of hydroxide on a silicon atom at a step edge is followed by displacement of 
the hydroxide by fluoride ion. This leads, eventually to the removal of silicon from the 
surface (etching) in the form of SiF3OH and the capping of the surface silicon atom by 
hydrogen. 
 
Treatment of commercial, native oxide-capped flat crystal Si(100) wafers with diluent 
aqueous HF solution yields hydrogen terminated Si(100) (Si(100)-H) surface, which 
contains some SiH and SiH3 groups, but predominantly SiH2 (Chabal et al., 1989). 
Roughening of the Si(100) surface by chemical etching was also observed (Cullis et al., 
1997).  Under UHV conditions it is possible to produce uniform Si(100)–H surfaces. 
Using this approach, the surface has undergone a reconstruction to form rows of Si–Si 
dimmers. The reconstruction of the surface to this 2×1 structure is driven by the 
formation of Si=Si bonds which reduced the number of the dangling bonds on the 
surface atoms from two per silicon to only one (Waltenburg and Yates, 1995). 
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 Hydrogen terminated silicon surfaces (Si-H surfaces) are actually quite stable and can 
be handled in air for several minutes before measurable oxidation of the surface 
occurs. Stability of the Si–H surface in air is reported to be humidity dependent (Miura 
et al., 1996). The Si–H surface has been shown to oxidize under photochemical 
conditions (λ = 254 nm) (Wojtyk et al., 2001).  
 
2.1.2 Monolayers on Native Oxide Terminated Silicon Surface 
 
Self-assembled monolayers (SAMs) are ordered molecular assemblies formed by the 
adsorption of an active surfactant with a specific affinity of its headgroup to a solid 
surface. Most studied SAMs are silane on oxide surface, or thiols, monosulfides, and 
disulfides on Au surface (Ulman, 1996).  
 
The use of trichlorosilanes for the preparation of SAMs on the native oxide-terminated 
surface (e.g. glass and oxidized silicon wafers) was first reported by Sagiv in 1980. 
Alkylalkoxysilanes and alkylaminosilanes can also form SAMs on the hydroxylated 
surface. The driving force for this self-assembly is the formation of polysiloxane, 
which is connected to surface silanol groups (-Si-OH) via Si-O-Si bonds. The 
monolayers have been successfully prepared on various substrates, such as silicon 
dioxide, alumina oxide, quartz, glass, mica, zinc selenide, and germanium oxide 
(Ulman, 1996).  
 
SAMs provide good opportunity for surface modification and functionalization. 
Surface modification can be achieved by either using ω–substituted alkylsilane, or 
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surface chemical reactions. Alkyltrichlorosilane with a variety of functional terminal 
groups, such as halogen, cyanide, thiocyanide, methyl ether, acetate, vinyl, methyl 
ester, and p-chloromethylphenyl, have been used to prepare various SAMs. (Ulman, 
1996). On the other hand, surface chemical reaction can be used to not only tailor the 
surface energy and interfacial properties, such as wetting, adhesion, and friction, but 
also provide the active sites for attachment of molecules with different properties 
(Chechik et al., 2000). However, it has been known that high-quality SAM of 
alkyltrichlorosilane derivatives are not simple to produce, mainly because of the need 
to carefully control the amount of water in solution (Silberzan et al., 1991).  
 
2.1.3 Monolayers on the Hydrogen-Terminated Silicon Surface 
 
Covalent attachment of organic monolayer to the oriented single crystal silicon surface 
via Si-C bond allows a direct coupling between organic materials and semiconductors. 
One of the most efficient Si-C bond forming reactions is hydrosilylation which 
involves insertion of an unsaturated bond into a silicon-hydride group via the use of a 
radical initiator, as well as via thermal activation, or photoirradiation (Buriak, 1999; 
Buriak 2002; Wayner and Wolkow, 2002). The first example of a densely organic 
monolayer tethered directly to silicon through Si-C bonds was carried out by Chidsey 
and coworker in 1993. Coupling of alkenes with surface-tethered Si-H groups, in the 
presence of a diacyl peroxide radical initiator, resulted in alkyl monolayers in 1 h at 
100 ºC. Chidsey and coworker proposed the surface attachment mechanism was 
analogous to the hydrosilylation reaction in organic chemistry. A number of diagnostic 
techniques were used to characterize the monolayers, including vibration spectroscopy, 
X-ray spectroscopy and reflectivity, ellipsometry and wetting measurements. The 
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monolayers were densely packed and tilted approximately 30º from the surface normal 
(Linford et al., 1995). The modified silicon surfaces demonstrate excellent stability and 
withstand boiling water, organic solvent, acid, and base. Under ambient conditions in 
air, little oxidation of the modified silicon surface was observed, indicating the 
promising application of this approach. 
 
After the first report on the monolayers, a number of different approaches for 
preparation of monolayer directly tethered to the silicon substrate were developed 
(Buriak, 1999; Buriak 2002). It was reported that using higher temperatures (about 
200°C) could remove the need for the radical initiator entirely. Thermal 
hydrosilylation of Si(111)-H or Si(100)-H surface was successively carried out in neat 
alkenes (Sieval et al.,1998). Requirement on excess alkenes prohibits application of the 
approach. Later, an improved approach on thermal hydrosilylation using the dilute 
alkene solution was reported by the same group (Sieval et al., 1999). The choice of 
solvent has an influence on the molecular ordering of the alkyl monolayers. Mesitylene 
was the solvent which provided well-ordered monolayers. It was suggested that 
mesitylene was too large to fit in pinholes in the forming film, and thus could not 
interfere with the monolayer formation process.  
 
It is known that UV irradiation can promote hydrosilylation of unsaturated compounds 
due to the homolytic cleavage of Si-H bonds. Irradiation of Si(111)-H surface with UV 
light in the presence of an aliphatic alkene (e.g. 1-pentene, or 1-octadecene) brings 
about hydrosilylation in 2 h at room temperature (Terry et al., 1997; Cicero et al., 
2000). The Si(111)-H surface irradiated with an Hg lamp (254 nm) in the presence of 
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1-octene has a coverage of about one alkyl group per two silicon atoms, as revealed by 
the XPS technique. An asymmetric methylene stretch of 2917 cm-1 was observed on 1-
octadecene functionalized silicon surface, which indicates the formation of highly 
ordered monolayers. Irradiation of Si(111)-H surface with longer wavelength light, up 
to 385 nm, could promote alkene hydrosilylation (Effenberger et al., 1998).  A variety 
of alkenes and alkynes were successfully coupled to the Si-H surface, including 1-
octene, 1-octadecence, 1-octyne, styrene, phenylacetylene, etc. (Buriak, 1999; Buriak, 
2002; Wayner and Wolkow, 2002). 
 
Xu et al. (2002) reported that the Si(100)-H surface was functionalized by the UV-
induced coupling of 4-vinylpyridine (4VP). The pyridine group functionalized 
monolayers can be used to not only provide chemisorption sites for the palladium 
catalyst complexes without the need for prior sensitization in SnCl2 solution during the 
electroless plating process, but also serve as the adhesion promoter and diffusion 
barrier for the electrolessly deposited copper.  
 
UV-induced hydrosilylation has been also utilized on Si(111)-H surface to prepared 
functionalized surface for chemical vapor deposition of diamond (Leroy et al., 1998). 
The electronic properties and electronic transfer characteristics of the monolayers on 
silicon surface prepared by the UV irradiation were also examined (Barrelet et al., 
2001).  
 
The use of UV irradiation facilitates photopatterning, which was undertaken to induce 
hydrosilylation in spatially defined areas on a flat silicon surface (Wojtyk et al., 2001). 
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UV irradiation of Si-H surface in air through a commercially available gold TEM grid 
results in micrometer scale oxide features. The unexposed areas, however, remain 
hydrogen-terminated.  An oxide/alkyl pattern can be obtained by UV irradiation of the 
forming oxide/Si-H patterned silicon surface with deoxygenated 1-decene. 
Hydrophobic and hydrophilic domains can be created on the silicon surface through 
this simple method, which is promising to be extended to DNA and protein microarray 
synthesis. 
 
A radical-chain mechanism is proposed by Chidsey in the previous studies (Linford et 
al., 1995; Boukherroub et al., 1999). The surface Si-H bond is homolytically 
dissociated (for instance, by UV irradiation) to form the radical site (a dangling bond), 
which reacts readily with an alkene to form a surface-tethered alkyl radical on the β-
carbon. This radical, in turn, abstracts a hydrogen atom from an adjacent Si-H bond. 
Abstraction of a neighboring hydrogen atom completes the hydrosilylation process and 
creates another reactive silicon radical on the surface. The reaction propagates 
subsequently as a chain reaction on the Si-H surface. 
UV
Scheme Mechanism of Formation of Organic Monolayer on Si-H Surface 
 
The first direct evidence for the formation of a Si-C bond on the silicon surface was 
reported by Terry et al. (1997a). The forming Si-C bond was 1.85 ± 0.05 Å long, as 
determined by the photoelectron diffraction method. Sung et al. (1997) reported further 
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direct evidence for the Si-C bonds. A vibrational transition near 780 cm-1 was observed 
by electron energy loss spectroscopy. 
 
In contrast to flat Si-H surface, a simple white light source can induce hydrosilylation 
of porous Si-H surface with alkenes and unconjugated alkynes at room temperature in 
minutes (Stewart and Buriak, 1998; Stewart and Buriak, 2001). The alkyl 
functionalized porous silicon surface was tolerance of boiling for 30 min in aerated 
aqueous KOH (pH = 10) solution, while the freshly prepared porous Si-H surface will 
dissolve in seconds under the similar condition. The intrinsic photoluminescence of 
porous silicon can keep unchanged.  
 
Pt(0) complex are known to be effective catalysts for the hydrosilylation of alkene 
with soluble molecular silane. Zazzera et al. reported hydrosilylation of 3,4-
dichlorobutene with Si-H surface using  platinum(0)-divinyltetramethyldisiloxane 
complex (1997) . However, the platinum complex not only catalyzed hydrosilylation 
reaction, but also oxidized the silicon surface. This competing reaction could be 
reduced by minimizing trace water and utilizing a large excess of olefin. Lewis acid 
was also reported to be utilized to mediate hydrosilylation of alkenes and alkynes with 
porous silicon surface recently (Buriak and Allen, 1998). 
 
Formation of Si-C bond by other reactions was also reported. Bansal et al. (1996) 
showed that it was possible to chlorinate the Si(111)-H surface in a benzene solution of 
PCl5. The forming silicon surface can further react with Grignard reagent. Terry et al. 
(1997) reported that Cl2 can be used via either photochemical or thermal initiation to 
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convert the Si(111)-H to chlorinated terminated Si(111) (Si(111)-Cl) surface. He et al. 
(1998) showed that a variety of halogenating reagents, such as N-bromosuccinimide, 
bromotrichloromethane, and carbon tetrachloride, could be used to prepare Si(111)-
halogen surface. Direct reaction of a Grignard reagent with the Si(111)-H surface was 
also reported by Boukherroub et al. (1999).  Allongue et al. (1997) reported the 
reaction of aryl radical, formed by the electroreduction of aryl diazonium salts, with 
graphite surface to form a covalently tethered monolayer. 
 
Most of the monolayers prepared on Si-H surface are terminated with a methyl group. 
This has been useful for mechanistic studies as well as for passivation and chemical 
stabilization. However, the low reactivity of the terminal methyl group makes difficult 
further manipulation of surface physical or chemical properties. Further 
functionalization of the alkyl monolayer is deserved. Preparation of functionalized 
monolayer on silicon surface has been demonstrated only in a few cases. For example, 
ester-terminated monolayer can be hydrolyzed to acid group or reduced by LiAlH4 to 
hydroxyl group (Sieval et al. 1998). Boukherroub and Wayner (1999) reported 
functionalization of the covalently tethered alkyl monolayers. Reactions commonly 
used in solid phase synthesis were adapted to the silicon surface chemistry, as shown 
in this study. Multi-step functionalization of alkyl monolayer on Si-H surface for DNA 
immobilization is also reported recently (Strother et al., 2000).  Functionalization on 
these surface/interface is promising for preparing more sophisticated surface for a 
variety of applications, such as sensor design, microarray assays, and biological 
molecule interface.  
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Instead of using a very thin monolayer for passivation and functionalization of silicon 
surface, functionalization with polymer chains will show much promise of providing 
high functional group density.  Recently, ring-opening methathesis polymerization 
(ROMP) has been used to prepare a thick film of polynorbornene on the Si(111)-H 
surface (Juang et al., 2001). Si(111)-H surface was first chlorinated, followed by being 
exposed to allyl Grignard, XMgCH2CH=CH2,  leading to a Si(111)-CH2CH=CH2 
surface. Surface-initiated ROMP was carried on by exposure of this surface to Grubb’s 
catalyst [(PCy3)2Cl2Ru=CHPH, Cy= cyclohexyl] and norbornene. 
 
Comprehensive reviews on monolayers on the hydrogen-terminated silicon surface are 
described in references (Buriak (1999, 2002), and Wayner and Wolkow (2002)).   
 
2.1.4 Formation of Organic Monolayer on the Silicon Surface under Ultra High 
Vacuum (UHV)  
 
The reactivity of silicon surfaces has been studied intensively by a number of groups 
under UHV conditions. Thermally reconstructed Si(100) (2×1) surface has recently 
been shown to be capable of a number of remarkable cycloaddition reactions (Hamers 
et al., 2000). The surface silicon atoms pair into dimmers connected by a σ and π bond, 
thus having an essentially double bond character, which is similar to C=C bond, since 
silicon and carbon are in the same group (group IV) of the periodic table. 
 
It has been shown that unsaturated hydrocarbons such as ethylene, propylene, 
acetylene and benzene chemisorb on Si(100) (2×1) surfaces (Liu and Hamers, 1997). 
The organic films formed are able to stand temperatures up to 550-600 K. It was 
 20
suggested that alkenes was added to the Si(100) (2×1) surfaces to form a four-
membered Si2(CH2)2 ring.  Hamers et al. (2000) have recently described the [2+2] 
reaction of a variety range of cyclic olefins with the reconstructed Si(100) 
(2×1)surfaces.  
 
Konecny and Doren (1997) predicted, and Teplyakov et al. (1997) demonstrated 
experimently that the Si=Si bond of the reconstructed Si(100) (2×1) surface could act 
as a dienophile in a Diels-Alder [4+2] type reaction. Chemisorption of buta-1,3-diene 
or 2,3-dimethylbuta-1,3-diene on the Si(100) (2×1) surface at the room temperature 
results in an efficient Diels-Alder reaction, formatting two Si-C σ bonds and one 
unconjugated internal olefin. A detailed review of the cycloaddition on the silicon 
surface is found in literature (Bent, 2002). 
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2.2 Surface Functionalization via Layer-By-Layer Approach 
 
Recently the self-assembly of polymers on various substrates via layer-by-layer 
approach has been increasingly explored for the preparation of the well-defined 
surfaces and interfaces. The layer-by layer approach or electrostatic self-assembly is 
based on alternating physisorption of oppositely charged polyelectrolytes (Decher, 
1996; Decher 1997; Arys et al., 2000). With such techniques, polymer films are 
formed spontaneously on substrates, due to the balanced interactions between substrate, 
polymer and medium. Typically, very thin, often monomolecular layer is produced by 
one-step self-assembly. Consecutive cycles with alternating adsorption of polyanions 
and polycations result in stepwise growth of the polymer layers. Moreover, the layer-
by-layer procedure allows for a fine structuring in the third dimension. 
 
In early 1990s, the layer-by-layer method was only developed in the group of Decher 
(Lvov et al., 1993; Decher et al., 1994). However, this particular technique has 
encountered a strong increasing interest in the late 1990s. The method is extremely 
versatile because not only polyelectrolytes are suitable, but also charged nanoobjects, 
such as molecule aggregates, clusters, colloid or charged nanoparticles (Bertrand et al., 
2000). The major advantages of layer-by-layer approach are that different materials 
can be incorporated in individual layer and that the multilayer film architectures are 
determined by the deposition sequence.  
 
The major driving force in layer-by-layer assembly comes from the entropy gain due 
to ion-ion interactions (Ninham and Yaminsky, 1997). Other interactions such as 
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hydrophobic interaction, charge-transfer interactions, π-π stacking forces or hydrogen-
bonding can be used to construct a layer-by-layer self-assembly (Kotov, 1999). For 
example, biologically interesting interaction between biotin and avidin was used to 
form multilayers composed of streptavidin and biotinylated poly(L-lysine) (Decher et 
al., 1994). Similar systems were later used for the electrochemical sensing of glucose 
(He et al., 1994). Self-assembly is also possible with polymer pairs that can forms 
strong hydrogen-bond bridges, or by using polymer pairs containing side groups with 
carbazole and dinitrophenyl units that form charge-transfer complexes (Shimazaki et 
al., 1999).  
 
Lay-by-layer self-assembly gives rise to polymer films with alternating surface 
properties, such as contact angle, chemical composition, or ζ–potential. However, 
further research investigation shows that the coating made by the layer-by-layer is not 
stratified and does not consist of well separated, distinguishable alternating layers 
(Bertrand et al., 2000). Polymer film prepared by layer-by-layer self-assembly was 
claimed to be stable. However, crosslinking reaction, such as photo polymerization, 
was employed to improve its stability (Mao et al., 1995). 
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2.3 Surface Functionalization via Grafted Polymer Chains 
 
Surface functionalization with grafted polymer chains or polymer brushes can improve 
the effect of monolayer by extension the 2-D arrangement of the organic compounds to 
3-Dimension. Polymer brushes are long-chain polymer molecules attached by one end 
to a surface or interface.  Usually, tethering is sufficiently dense that polymer chains 
are forced to stretch away for the surface or interface to avoid overlapping. Polymer 
brushes covalently attached to the surface of a substrate are prepared by “grafting to” 
or “grafting from” techniques. The “graft to” approach involves the reaction of a 
performed polymer with a suitable substrate surface under appropriate conditions to 
form a tethered polymer brush. End-functionalized polymers with a narrow molecular 
weight distribution can be synthesized by living anionic, cationic, radical, group 
transfer, and ring opening metathesis polymerizations. The substrate surface can be 
introduced suitable functional groups by coupling agents or self-assembled monolayer 
(SAM). The covalent tethering of the polymer chain to the surface makes the polymer 
brushes robust and resist to common chemical environmental conditions.  
 
Mansky et al. (1997) synthesized a series of hydroxy-terminated random copolymers 
of styrene and methyl methacrylate with different ratios by a "living" radical 
polymerization. These end-functionalized polymers were reacted with silanol groups 
on the silicon surface to form copolymer brushes. The domain orientation of spin-
coated PS-b-PMMA films was successfully controlled on this copolymer brushes 
functionalized surface. Yang et al. (1998) firstly prepared vinyl-terminated SAMs on 
silicon surfaces and then covalently tethered poly(methylhydrosiloxane) and its 
derivatives to the surface using hydrosilylation reaction. Ebata et al. (1998) 
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synthesized polysilane brushes on quartz surfaces by the "grafting to" approach and 
characterized the tethered polysilane by UV spectroscopy. Prucker et al. (1999) 
prepared surface-immobilized polymer by a photochemical process. A silicate surface 
was firstly modified with 4-(3'-chlorodimethylsilyl)propyloxybenzophenone. UV 
irradiation of spin coated polystryrene or poly(ethyloxazoline) film produced a 
covalently tethered polymer chains via a photochemical reaction. Typically, several 
nanometers of polymeric layer could be attached.  
 
In general, only a small amount of polymer (typically less than 5 mg/m2) can be 
immobilized onto the surface by the "grafting to" approach. Polymer chains must 
diffuse through the existing polymer film to reach the reactive sites on the surface. 
This barrier becomes more pronounced as the tethered polymer film thickness 
increases. Thus the forming polymer brushes have a low grafting density and low film 
thickness. To overcome this problem, more and more researchers turn to use the 
"grafting from" approach. The polymer chains are “in situ” generated from the surface-
tethered initiators. No significant diffusion barrier exists as only low molecular weight 
compounds (the monomers) have to reach the growing chain ends. Thus, the kinetic 
barrier preventing the formation of thick layers of performed polymers can be 
circumvented.  
 
The “grafting from” approach is more promising for preparing thick and covalently 
tethered polymer brushes with a high grafting density. With this technique, initiator 
molecules are firstly immobilized on a surface and exposed to a monomer solution 
under appropriates polymerization conditions. The initiators can be immobilized on the 
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surface by treating the substrate with plasma or glow-discharge in the presence of a gas 
or forming initiator-containing SAMs (Zhao and Brittain, 2000).  
 
A variety of methods can be used to prepare the polymer brushes on different substrate 
surfaces. The methods include chemical grafting polymerization, grafting with the use 
of high-energy radiation or oxidizing agents such as ozone, γ-rays, electrons beams, 
corona discharge, UV irradiation and glow discharge (Kato et al., 2003; Uyama et al., 
1998). 
 
The use of UV irradiation appears to be an excellent method for surface grafting of 
polymers because of its simplicity. Modification of conventional polymers, such as PE, 
PS, PET, via UV-induced graft copolymerization can be carried out with and without 
photosensitizers (Uyama et al., 1998). UV irradiation of the polymer surface produces 
the activated centre such as radicals which initiate the polymer propagating. UV-
induced graft polymerization combined with the plasma treatment is also widely 
applied in some inert polymer (e.g. fluoropolymer) surfaces and inorganic (e.g. silicon) 
surfaces (Kang and Zhang, 2000; Zhang et al., 1999). Peroxide and hydroperoxide 
species can be produced onto these surfaces as a result of argon plasma treatment and 
air exposure (Suzuki et al., 1986). A variety of vinyl monomers have been reported to 
be successfully graft-polymerized onto various substrate surfaces (Kang and Zhang, 
2000). For example, modification of PTFE surface is reported by UV-induced graft 
copolymerization of glycidyl methacrylate (GMA) (Wu et al., 1999), 4-
vinypyridine(4VP) (Yang et al., 2001a), 2-vinylpyridine(2VP) (Yang et al., 2001a), 1-
vinylimidazole(VIDz) (Yang et al., 2001a), 2-(dimethylamino)ethyl 
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methacrylate(DMAEMA) (Yu et al., 2002), Acrylamide (Yu et al., 2001),  Methoxy 
poly(ethylene glycol) monomethacrylate (PEGMA) (Wang et al., 2000), aniline 
monomers (Chen et al., 2001). Surface modification via UV-induced graft 
polymerization on other substrates, such as polyimide (Yang et al., 2001b; Zhang et 
al., 2001a), polyaniline (Chen et al., 2000), silicon (Zhang et al., 1999), stainless steel 
(Zhang et al., 2001a) and gold (Zhang et al., 2001b), has been reported recently. 
 
Low-temperature plasma has been extensively applied to modify surface properties of 
a variety of substrates, such as silicon (Bonnar et al., 1999; Elkin et al., 1999; Guyard 
and Despax, 1999; Han et al., 1998; Uchida et al., 1996; Zhang et al., 2001c; Zou et 
al., 2001) and inert polymer (e.g. fluoropolymer) substrates (Chan et al., 1996; Yang et 
al., 2000). Plasma polymerization in the presence of monomer is a good technique for 
the modification of surfaces by deposition of a thin polymer film. Plasma 
polymerization technique for surface modification, either using a microwave (MW) or 
a radio-frequency (RF) gas plasma, has many inherent advantages, including short 
process time (several seconds to a few min), and minimal effect on the bulk properties 
(Hynek and Yoshihito, 1992; Inagaki, 1996; Yasuda, 1985). Most important of all, the 
process is solvent-free. In general, polymer films can be formed on any substrate with 
good adhesion. 
 
Plasma graft polymers tend to have structures quite different from those prepared by 
free radical polymerization or UV-induced radical polymerization. Usually, these films 
are usually highly cross-linked and pinhole-free, which have very good barrier 
properties. Atomic polymerization mechanism appears to be a reasonable mechanism 
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for plasma polymerization (Inagaki, 1996b). Generally, the process includes the 
fragmentation of monomer molecules, the formation of active sites or species (radicals 
or ions), and the recombination of the active fragments, and the coupling of the active 
fragments to the activated substrates to result in polymer grafting and deposition. The 
deposition process, nevertheless, is often accompanied by other non-desirable side 
reactions such as crosslinking and substrates ablation (Chan et al., 1996).
 
The main challenges of the plasma graft polymerization technique are the preservation 
of the functional groups in the original monomers and the deposition of polymer films 
with well-defined chemical structures and physical properties. It has been reported that 
plasma polymerization of glycidyl methacrylate (GMA) is carried out on various 
substrates, such as PTFE (Yang et al., 2000), HDPE (Zou et al., 2001) and single 
crystal silicon surfaces (Zhang et al 2000). The epoxide groups in the plasma graft-
polymerized GMA (pp-GMA) layer had been preserved to various extents, depending 
on the plasma deposited conditions. The preserved epoxide groups in the pp-GMA 
layer can be used as an adhesion promotion layer for electrolessly deposited copper. In 
addition, the pp-GMA layer on the silicon was used to improve the adhesion between 
the polyimide dielectrics and silicon substrates (Zhang et al., 2000). 
 
However, grafting from initiator-containing monolayers is more attractive, since a high 
density of initiators can be immobilized on substrate surfaces and the initiation 
mechanism is more well-defined. Azo compounds were mostly used to be immobilized 
on surface as the initiators. An anchor molecule was firstly immobilized on the solid 
substrate surface by SAM approach and then the initiating specie (for example, azo 
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specie) was linked to the anchor molecules in one or more additional steps. For 
example, Tsubokawa et al. (1990) first treated inorganic ultrafine paricles with 3-
glycidoxypropyltrimethoxysilane, followed by reaction with 4,4'-azobis(4-cyanvaleric 
acid). Surface graft polymerization of several vinyl monomers was carried out 
successfully on the azo-immobilized surfaces. Boven et al. (1991) treated glass beads 
with 3-aminopropyltriethoxysilane (γ-APS) to obtain amino functional groups on the 
surface. The azo initiators were then immobilized onto the surface through the 
formation of amide bonds. Subsequent surface-initiated free radical polymerization 
produced tethered PMMA chains. Minko et al. (1999) immobilized radical initiators on 
solid substrates, such as silicon wafers, glass and ultrafine powders, by either 
physisorption of azo or peroxide macroinitiators or chemical immobilization of azo 
initiators. The surface-initiated free radical polymerization was studied by in situ 
ellipsometric measurements of the amount of grafted chains. Using the same approach, 
Sidorenko et al. (1999) synthesized mixed or heterogeneous polymer brushes 
composed of polystyrene and polyvinylpyridine by a two-step grafting procedure on 
the surface of silicon wafers. 
 
Rühe and coworkers (1998) reported an improved approach which the initiator was 
attached to the surface in one step by SAM technique. Monofunctional chlorosilane 
containing azo initiator was synthesized and immobilized on the silica gel surface by 
self-assembly. In situ surface radical polymerization of styrene or other monomers 
starts from tethered radicals generated from the bound azo initiators upon heating or 
UV irradiation. The latter allows for photolithographic micropatterning of the surface-
attached polymer brushes and generation of multifunctional patterns at the selected 
areas of the substrate. The graft density of polymer can be adjusted in a wide range 
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simply by controlling the conversion of monomers. Another unique feature of this 
strategy was that the initiator monolayer contained a cleavable group, for example an 
ester group. Therefore the tethered polymer chains could be degrafted and analyzed.  
 
In order to achieve a better control of molecular weight and molecular weight 
distribution and synthesize novel polymer brushes like block copolymers brushes, 
living polymerization have been used to synthesize grafted polymer chains on solid 
substrate surfaces. Recently Jordan and Ulman (1998) synthesized poly(N-
propionylethylenimine) brushes on gold substrates by surface-initiated cationic 
polymerization of 2-ethyl-2-oxazoline. Zhao and Brittain (1999) also reported the 
synthesis of PS brushes via cationic polymerization on a silicate substrate.  
 
Anionic polymerization is a good technique to prepare tailored homopolymers and 
block copolymers. Jordan et al. used anionic polymerization to synthesize polystyrene 
brushes on gold substrates (1999). 4'-Bromo-4-mercaptobiphenyl was self-assembled 
on a gold surface, followed by reaction with s-BuLi to form a monolayer of 
biphenyllithium. Polystyrene brushes with a dry thickness of 18 nm were obtained by 
surface-initiated anionic polymerization. Using a similar strategy, Ingall et al. (1999) 
formed a SAM of 3-bromopropylsilane monolayer on the substrate. This monolayer 
was then lithiated with lithium di-tert-butylbiphenyl. Subsequent addition of monomer 
to the system started anionic polymerization. A tethered poly(acrylonitrile) film with a 
thickness up to about 250 nm was obtained. 
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However, demand on the stringent experimental conditions and intolerance for 
functional group during ionic polymerizations limit their wide application. Newly 
developed controlled/living free radical polymerization has the virtues of living 
polymerization with versatility and convenience of free radical polymerization. 
Recently there has been much interest in the synthesis of polymer brushes by surface-
initiated controlled/living free radical polymerizations, such as nitroxide-mediated 
radical polymerization (NMP) (Husseman et al., 1999), atom transfer radical 
polymerization (ATRP) (Ejaz et al., 1998; Huang and Wirth, 1999; Matyjaszewski et 
al., 1999), reversible addition-fragmentation chain transfer (RAFT) polymerization 
(Baum and Brittain, 2002; Tsujii Y et al., 2001), and iniferter radical polymerization 
(de Boer et al., 2000). 
 
Alkoxyamine initiators are a class of initiators for controlled/living free radical 
polymerization. Husseman et al. (1999) immobilized this type of initiator onto silicate 
surfaces by SAMs approach. However, the initial attempt to control polymer growth 
from the surface-bound alkoxyamine initiator was unsuccessful due to the extremely 
low initiator concentration on surface. Adding free alkoxyamine initiators to the 
polymerization solution successfully controls the polymerization. Thickness of 
polystyrene brushes increased linearly with conversion of the monomer. In addition, 
thickness of the brushes increased linearly with molecular weight of the “free” 
polymer formed in solution. Polystyrene cleaved from surface has a polydispersity of 
about 1.14, which is very close to that of the “free” polymer. Weimer et al. (1999) 
attached a TEMPO initiator to a mica-type layered silicate surface via ion exchange. A 
dispersed nanocomposite was obtained by in situ living free radical polymerization. 
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Works on preparation of well-defined polymers from various substrates, such as 
silicon, gold, and polymer, via surface-initiated ATRP have been well-documented. 
Ejaz et al. (1998) immobilized the ATRP initiator 2-(4-
chlorosulfonylphenyl)ethyltrimethoxysilane onto a silicate substrate by Langmuir-
Blodgett technique. PMMA brushes with high grafting density were produced by 
surface-initiated ATRP from the immobilized initiators. To overcome the extremely 
low initiator concentration on surface, free initiators were added to the reaction 
mixtures. Hussemann et al. (1999) prepared SAMs of 5'-trichlorosilylpentyl-2-bromo-
2-methylpropionate on silicate substrates. PMMA brushes were successfully 
synthesized by surface-initiated ATRP from α-bromoester containing SAMs. The 
molecular weight and molecular weight distribution were controlled by addition of a 
predetermined amount of free initiator in the polymerization systems. 
 
Surface-initiated ATRP has been reported by Huang and Wirth (1999) as an approach 
for creating a uniform coating of monodisperse polymer chains on silica surface. A 
benzyl chloride monolayer was immobilized on the capillary surface by silanizing with 
1-trichloro-2-(m-p-chloromethylphenyl)ethane. Linear and cross-linked 
polyacrylamide coatings were produced by surface-initiated ATRP of acrylamide from 
the initiator tethered surfaces. These polymer coatings on the porous silica surface 
show high-efficiency separation of proteins.  
 
Matyjaszewski et al. (1999) reported a detailed study on synthesis of polymer brush 
via surface-initiated ATRP. The initiator composed of 2-bromoisobutyrate fragments 
was synthesized and immobilized on silicon surface by SAM approach. To overcome 
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the extremely low initiator concentration on surface, the deactor Cu(II) complex was 
added. The thickness of the polystyrene layer grown from the surface increased 
linearly with the molecular weight of polymers formed in solution in identical, yet 
separate, experiments. Further evidence for control was observed by the 
polymerization of blocks of either methyl or tert-butyl acrylate from the polystyrene 
layer. 
 
Tsujii Y et al. (2001) studies the mechanism and kinetics of RAFT-mediated graft 
polymerization of styrene from silica particles. They first grafted oligomeric 
polystyrene on a silica particle by the surface-initiated ATRP technique, and then 
converted the terminal halogen atom of the graft polymer to the dithiobenzoyl group 
by the reaction with 1-phenylethyl dithiobenzoate in the presence of CuBr/dHbipy 
complex in toluene. The surface-initiated RAFT polymerization of styrene on the 
modified silica particle was carried out in the presence of a free RAFT agent. Recently, 
Baum and Brittain (2002) also applied RAFT polymerization to synthesize the 
polymer brushes on the silica surface. They first modified the surface with monolayers 
containing azo groups. Styrene, methyl methacrylate, and N,N-dimethylacrylamide 
polymer brushes were prepared on the silicate surfaces in the presence of the chain 
transfer agents. Addition of small amounts of untethered initiator (AIBN) to the system 
facilitated the growth of brushes. The free initiator acts as a scavenger for the trace 
amount of impurities present in the reaction mixture and increases the ratio of the 
initiator to monomer since the concentration of the initiator on the surface is relatively 
low. The use of this process allows the control of the polymer molecular weight and 
the film thickness while maintaining fairly narrow polydispersities for "free" polymer. 
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Sequential polymerization of different monomers leads to block copolymer brushes, 
which exhibit rearrangement behavior upon treatment with specific solvents. 
 
Ring-opening metathesis polymerization (Juang et al., 2001; Kim et al., 2000; Weck et 
al., 1999), group transfer polymerization (Hertler et al., 1990) and other 
polymerization methods (Chang and Frank, 1996) have also been employed in the 
synthesis of tethered polymer brushes.  
 
In addition to simple homopolymer brushes, a variety of complicated architectures 
have been synthesized including block copolymer brushes (Zhao and Brittain, 2000), 
cross-linked polymer brushes (Huang et al., 2001), highly functionlized polymer 
brushes (Huang et al., 2002), hyperbranched polymer brushes (Mori et al., 2001).  
Zhao and Brittain (2000a, 2000b) reported the synthesis of PS-b-PMMA tethered 
diblock copolymer brushes. The block copolymer brushes exhibited reversible surface 
change in response to solvent treatment, as revealed by wetting measurement and 
AFM. Huang et al. (2001) reported that successfully controlled synthesis of cross-
linked ultrathin polymer films on the gold surface by surface-initiated ATRP of 
ethylene glycol dimethhacrylate.  
 
Functionalization of various nanoparticle or colloid surfaces, including silica (SiO2), 
gold, silver, germanium,PdS, carbon black, iron oxides, metal oxide systems, and other 
polymer colloid surfaces, has been reported (Pyun and Matyjaszewski, 2001). 
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Free radical polymerization is widely used in industry and research laboratories for the 
synthesis of a variety of polymer materials. The tremendous utility is due to its 
versatility, synthetic ease, and compatibility with various functional groups, coupled 
with its tolerance to water and protic media. However, a significant drawback of the 
free radical polymerization is the lack of macromolecular structure control due to near 
diffusion-controlled radical coupling and disproportionation (Moad and Solomon, 
1995).  
 
On the other hand, much of academic and industrial research has focused on the 
synthesis of (co)polymers with pre-determined molecular weights, narrow molecular 
weight distributions, and complex architectures (e.g., block, statistical, star, and graft 
(co)polymers). Until recently, the living polymerization techniques, such as anionic, 
cationic, coordination, ring-opening, and group transfer polymerizations, offer the 
ability to synthesize various novel well-defined (co)polymers. However, they also have 
some disadvantages. For example, they typically require stringent reaction conditions 
including the use of high vacuum lines, inert atmospheres, completely dry and highly 
pure reagents (Aggarwal, 1989).  
 
The development of controlled/living free radical polymerization method has been a 
long-standing goal in polymer chemistry. They combined virtues of living 
polymerization with versatility and convenience of free-radical polymerization. The 
research in controlled/living free radical polymerization has focus on the elimination 
 35
(or suppression to an extent negligible in the overall process) of the termination/chain-
transfer step which leads to lose of control in conventional free radical polymerization. 
At present, successful examples of the living free radical polymerization have included 
stable free radical polymerization (SFRP), best exemplified by nitroxide mediated 
polymerization (NMR), atom transfer radical polymerization (ATRP), and reversible 
addition-fragmentation chain transfer (RAFT) polymerization. All of them are based 
on the fast and reversible dynamic equilibrium between the dormant species and the 
active species (radicals). The equilibrium has a low equilibrium constant (~10-7), 
which keeps the active species at the very low concentration (approximately 10-8 to 10-
7 M) and greatly minimizes the radical termination reactions. 
 
2.4.2 Nitroxide-Mediated Polymerization (NMP) 
 
NMP operates on the principle of reversibly end-capping of propagating polymer 
chains by a nitroxide stable free radical. The equilibrium is such that at any given time, 
most of the polymer chains exist as dormant non-propagating species. This maintains 
an extremely low concentration of radicals and thus significantly reduces the 
opportunity of the bimolecular termination reaction. Nitroxide, such as 2,2,6,6-
tetramethylpiperidinyloxy (TEMPO), mediated polymerization works well for styrenic 
monomers, but poorly for other classes of monomers. Recently, much effort has been 
directed towards development of universal nitroxide applicable to a wider range of 
monomers. Benoit et al. (2000) reported synthesis of such universal alkoxyamines and 
demonstrated the ability to homo and copolymerize effectively a variety of monomers, 
such as styenics, acrylates (including acrylic acid, hydroxyethyl acrylate and 
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fluoroacrylate), methacrylates,  N,N-dimethylacrylamide, acrylonitrile. A 
comprehensive review was made by Hawker et al. (2001) on NMP.   
 
2.4.3 Atom Transfer Radical Polymerization (ATRP) 
ATRP was first reported by Sawamoto and coworkers (1995) and Matyjaszewski and 
coworkers (1995). The radicals, or the active species, are generated through a 
reversible redox process catalyzed by a transition metal complex (Mtn-Y/Ligand, 
where Y may be another ligand or the counterion) which undergoes a one-electron 
oxidation with concomitant abstraction of a (pseudo)halogen atom, X, from a dormant 
species, R-X. Polymer chains grow by the addition of monomers to the intermediate 
radicals in a manner similar to a conventional radical polymerization. The reversible 
termination of the growing polymeric chain is the key step for the reducing the overall 
concentration of the propagating radical chain end. 
 
ATRP is a self-regulating process by the so-called persistent radical effect. In case of 
Cu-mediated ATRP, biomolecular termination between propagating polymer chains 
leads to a gradual increase in the concentration of copper(II) species. Consequently, 
this will reduce biomolecular termination (although it never cease) as more copper (II) 
species is available to capping the propagating polymer chains. 
 
While Cu(I)-mediated has been arguably been the most successful to date, other 
transition metal catalysts based on Ru, Fe, Pd, Ni, Rh, Mo, and Re have also been 
reported. ATRP is more widely applicable than NMP. Nearly all monomers with 
activated double bonds are amenable to polymerization by this technique, although the 
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best control is still observed with stryenics and (meth)acrylates. Because of its radical 
nature, ATRP is tolerant to many functionalities, such as hydroxyl, epoxide, cyano and 
other groups, in monomers and initiators leading to polymers with functionalities along 
the chains. Multifunctional polymers of various composition and architectures such as 
block, star, or hyperbranched (co)polymers can be synthesized by ATRP (Coessens et 
al., 2001). 
 
ATRP can be carried out either in bulk, in solution, or in a heterogenerous systems (e.g. 
emulsion, suspension). A polymerization rate enhancement in polar media such as 
water has been observed (Wang and Armes, 2000). Polar media also facilitate 
dissolving the catalyst (Pascual et al., 1999).  The drawback of the ATRP at present is 
catalyst contamination of the (co)polymers, which need to purify the products and may 
prohibit commercialization in some areas, for example, pharmaceutics. Several 
methods are developed for catalyst removal, including the use of alumina column, ion-
exchange resins, and immobilization the catalyst on the silica particle or polymeric 
supports (Matyjaszewski and Xia, 2001). 
 
Both Matyjaszewski and Xia (2001) and Kamingaito, et al. (2001) have recently 
published extremely thorough reviews on ATRP. 
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2.4.4 Reversible Addition-Fragmentation Chain Transfer (RAFT) Polymerization 
 
RAFT is the newest member of the family of controlled/living free radical 
polymerization and was first reported by Le et al. (1998). The RAFT process involved 
free radical polymerization in the presence of chain transfer agents (CTA’s) such as 
dithioesters (Chiefari et al., 1998). The mechanism of RAFT polymerization involves a 
reversible addition-fragmentation sequence in which transfer of the S=C(Z)S- moiety 
between the active and dormant chains serves to maintain the living characterization of 
the polymerization.  The effectiveness of chain transfer agents in providing the living 
character is attributed to their very high transfer constants which ensure a rapid rate of 
exchange between the dormant and active chains. 
 
The living character of the RAFT process is indicated by (a) the narrow polydispersity 
of polymer product, (b) a linear relationship between molecular weight of polymer and 
conversion of monomer, (c) the predictability of the molecular weight of polymer from 
the ratio of the monomer consumed to transfer agent, and (d) the ability to produce 
blocks or high molecular weight polymers by further monomer addition. 
 
A major advantage of the RAFT polymerization over other living free radical 
polymerizations (e.g. NMP, ATRP) is that it is compatible with a range of functional 
monomers, for example, acid (e.g. acrylic acid), acid salt (e.g. styrenesulfonic acid 
sodium salt), hydroxy (e.g. hydroxyethyl acrylate, methacrylate), or tertiary amino (e.g. 
dimethylaminoethyl methacrylate). The process is also tolerant of functionality in the 
initiator and the dithio-compound. This provides the ability to synthesize a wade range 
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of narrow poydispersity polymers containing end or side chain functionality in one 
process without any need for protection or deprotection.  
 
RAFT polymerizations often show a marked retardation. RAFT typically requires 
elevated temperatures (60-80ºC), although the room temperature RAFT polymerization 
of methyl acrylate, employing 1-phenylethyl phenyldithioacetate as CTA, was recently 
reported (Quinn et al., 2001). RAFT CTAs are not commercially available. Although 
many routes are available for their synthesis, purification and isolation can be time-
consuming. Similar to polymers synthesized by ATRP, the products from RAFT 
polymerization are colored (due to the thio-carbonylthio end-groups). However, these 
end-groups are readily removed, for example by reaction with primary or secondary 
amines, to yield white products. 
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2.5 Surface Functionalization with Polymer Chains for Application in 
Microelectronics Industry  
 
Polymeric materials has wide application in microelectronics industry since 1950’s. 
The majority of the polymeric materials were used as radiation-sensitive resists to 
pattern the circuit on chips and boards, dielectric materials in integrated circuit chips to 
reduce short between multilevel interconnects, and encapsulants for corrosion and 
mechanical protection (Alvino, 1995). In this literature review, the polymer chains 
used as catalyst ligating sites for electroless metallization and adhesion promoters for 
electrolessly deposited metals are highlighted here in detail. 
 
Continuing improvement in device density and performance has a significant impact 
on the feature size and complexity of the wiring structure for on-chip interconnects. As 
the minimum device dimensions reduce to below 0.2 µm, the increase in propagation 
delay, crosstalk noise, and power dissipation of the interconnect structure become the 
main limiting factors in ultra-large-scale integration (ULSI) of integrated circuits. To 
cope with these problems, three approaches to replace the conventional Al(Cu)/SiO2 
interconnect technology have been proposed: incorporation of low dielectric constant 
(κ) materials as the interlayer dielectric, replacement of aluminum with copper, and 
alternative architectures for the interconnect structure (Maier, 2001).
 
Recently, copper has become a promising substitute for aluminium metallization on 
silicon due to its high conductivity and better resistance to electromigration (Li et al., 
1992; Nakahara and Okinaka, 1991). Generally, copper can be deposited by various 
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methods, such as physical vapour deposition, chemical vapour deposition, 
electroplating and electroless plating (Okinaka and Osaka, 1993). 
 
 Electroless plating is a process of spontaneous reduction of metal ions to metallic 
particles and/or films in the absence of an external source of electric current (Mallory 
and Hajdu, 1990). This method has attracted great interest due to its inherently simple, 
high selectivity, low process temperature, low cost and good filling capability (Mallory 
and Hajdu, 1990; Okinaka and Osaka, 1993). Electroless deposition is applicable to a 
range of substrates, such as polymer, metal and semiconductor. It is particularly 
important for metal deposition on electronically isolated substrates, for example, 
circuit board. 
 
During electroless plating, the substrate surface is first activated by depositing a thin 
film of noble metal catalysts, such as palladium, platinum, gold and silver. The 
catalysts initiate and accelerate the reduction of metal from the chemical plating 
solution (Ebneth, 1993). Different methods have been proposed to perform the 
chemisorption of catalyst. Historically, the most widely used methods were the “two-
step” process and “one-step” process (Mallory and Hajdu, 1990). In the “two-step” 
activation process, the substrate was immersed successively in SnCl2 and PdCl2 
solution. The “one-step” activation process, on the other hand, used a mixed 
SnCl2/PdCl2 solution. In both methods, the palladium particle was surrounded by a tin 
chloride shell after the Pd2+ ion was reduced to Pd0 by SnCl2 (Jackson, 1990). The 
growth of metal deposition was inhibited, since tin chloride is not an active catalyst. 
Therefore, it has always been desirable to develop a tin-free process in electroless 
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industry to avoid the side effect of the tin compounds. However, palladium 
chemisorption cannot be preformed directly on the silicon and most of polymer 
surfaces due to their inertness. Thus, it is necessary to subject the substrate surfaces to 
an effective pretreatment or functionalization. Jackson (1990) described a process for 
initiating electroless deposition of copper on dielectric substrates coated with a very 
thin film of poly(acrylic acid).  The carboxyl groups of the poly(acrylic acid) complex 
with Pd2+ upon immersion in a Pd2+ aqueous solution. It has been reported that 
palladium complex can be adsorbed directly onto the nitrogen functional groups of the 
polymer surfaces generated by N2 or NH3 plasma treatment (Charbonnier et al., 1996; 
Charbonnier, et al., 1998), as well as onto the pyridine group of the silane-based SAMs 
on silicon surfaces (Dressick et al., 1994; Dulcey et al., 1997). Previous studies have 
also shown that palladium can complex directly with the N-containing polymers 
grafted on the poly(tetrafluoroethylene) films (Yang et al., 2001).  
 
On the other hand, adhesion between the metallized copper and dielectric substrates is 
crucial to the reliability of microelectronic components and devices. Poor adhesion of 
the electrolessly deposited copper to the pristine silicon surface dictates the necessity 
to modify the silicon surface prior to the electroless metallization process (dos Santos 
et al., 1997). Among the generally accepted adhesion theories, the forming of covalent 
bond between different substrates is one of the most effective approaches to improving 
the adhesion strength of the laminates since the covalent bonds have the high bond 
energies (320-1000 kJ/mol) (Van Ooij, 1983). 
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Recently, much effort has been made to improve adhesion of different substrates via 
graft polymerization techniques (Kang et al., 1999; Kang and Zhang, 2000). Through 
the intelligent choice of monomers with appropriate functional groups (e.g. epoxide 
group in glycidyl methacrylate (GMA)), new molecular functionalities can be 
incorporated onto the various surfaces via graft polymerization with the functional 
monomers under relatively mild conditions. The special functional group grafted onto 
the substrate surfaces can exhibit significantly enhanced adhesion with the substrates 
(Kang et al., 1999; Kang and Zhang, 2000).  
 
Modification of poly(tetrafluoroethylene) surface via UV-induced graft 
copolymerization of GMA exhibits enhanced adhesion with copper. The adhesion 
enhancement is due to the strong interaction of the grafted epoxide groups with copper 
(Wu et al., 1999).  It has been reported that adhesion enhancement for electrolessly 
deposited copper can be obtained by modifying the poly(tetrafluoroethylene) surface 
via UV-induced graft copolymerization of N-containing monomers such as 4-
vinylpyridine, 2-vinylpyridine and 1-vinylimidazole (Yang et al., 2001a).
 
To achieve good adhesion between polyimide and silicon surfaces, thermal imidization 
of poly(amic acid) precursors onto the argon plasma-pretreated and GMA graft-
polymerized (UV-induced) Si(100) surface was developed recently (Zhang et al., 
2001c). Graft polymerization technique provides an alternative to the conventional 
technique of using silane coupling agents as adhesion promoters between the PI film 
and silicon substrates. Furthermore, plasma polymerization was developed to replace 
the UV-induced polymerization to modify the silicon surface due to its main 
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advantages such as solvent-free and simplicity. The presence of epoxide functional 
groups on the silicon surface was shown to be the key factor for adhesion enhancement 
(Zhang et al., 2000).  
 
A new low dielectric constant polymeric material, SiLK®, was recently developed by 
Dow chemical company (Townsend et al., 1997; Martin et al., 2000). The new 
dielectric material is aiming at replacing the silica-based dielectric materials 
commonly used in the integration process of the microelectronics industry. This 
aromatic thermosetting polymer posses many outstanding properties, such as low 
dielectric constant (k = 2.65), high thermal stability (glass transition temperature Tg = 
490°C), high gap fill capability at 0.1µm during packing and coating, low moisture 
absorption rate, and low copper drift rate. Metallization of SiLK is under way in the 
microelectronics industry (Demolliens et al., 1999; Goldblatt et al., 2000; Ikeda et al., 
1998). 
 
2.6 Viologen-Functionalized Surface: Preparation and Applications  
 
Viologen, or 1,1’-disubstituted-4,4’-bipyridinium salt, is one of the interesting 
materials. Numerous studies on 4,4'-bipyridinium and its derivatives as photochromic, 
electrochromic, and molecular electronic materials and devices have been carried out 
(Monk, 1998). Viologen can exist in three interconvertible redox states, viz., viologen 
dication, viologen radical cation, and direduced viologen. The dication is the most 
stable and usually colorless. The majority of viologen synthesized start from the 
dication state. Two general synthetic routes are available for dication preparation. The 
first approach is diquaternization of 4,4’-bipyridine with an excess of alkyl halide. 
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Subsequent ion exchange is carried out if different anions are required. The second 
general preparative route starts with 1-substituted pyridines which are then coupled. 
 
One electron reduction of viologen dication forms the radical cation. The reduction 
reaction may be performed with a variety of electron sources, e.g., from an electrode, 
or chemical reducing agents. Formation of viologen radical cation by UV irradiation is 
indicated by the emergence of the UV-vis absorption bands at 615 and 410 nm. (Ng et 
al., 2001; Zhao et al., 2002).  When exposed to air, the viologen radical cation reacts 
quickly with O2 to regenerate the viologen dication (Ng et al., 2001). Viologen radical 
cations are good reducing agents. They were reported to reduce hydrogen ions in water 
to hydrogen gas in the presence of a suitable noble metal catalyst (Keller and 
Moradpour, 1980). In contrast to the viologen dication, the viologen radical cation is 
usually intensely colored, with high molar absorption coefficients. A suitable choice of 
nitrogen substituents in viologens to attain the appropriate molecular orbital energy 
levels can, in principle, allow color choice of the radical cation. In comparison with 
viologen dication and radical cation, relatively little is known about the third redox 
state: the di-reduced viologen. The intensity of the color exhibited by di-reduced 
viologens is low since no optical charge transfer or internal transition corresponding to 
visible wavelengths is accessible. 
 
Viologens with short alkyl chain substituents are soluble in water. For some 
applications, it is necessary to incorporate viologens into various insoluble matrix, 
such as anioinic polyelectrolyte films (Mortimer and Dillingham, 1997) and zeolite 
(Alvaro, et al. 1997; Vitale et al., 1999). Incorporating the viologens in a matrix of 
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poly(vinyl alcohol) (PVA) is also reported. The viologen radical cation is formed 
within film by UV irradiation. If the PVA film also contains some silver ions, then 
silver ions can be reduced to the silver metal by the formed viologen radical cations. 
Micropatterning of metallic silver on the transparent films can be achieved by the 
photolithography method (Andrews, 1975).  
 
Viologens are among the most widely used electron mediators, due to their three 
interconvertible redox states. Most of the viologens were reported to serve as the 
electron mediators in solution. For example, methyl viologen has been used as an 
electron mediator in the study of cytochrome-c (Albery et al., 1981; Hadjian, et al., 
1985). Chromic ion and cobalt (III) complexes have reported to be reduced 
catalytically by viologen radical cation species (Tsukahara and Wilkins, 1985). 
Similarly, dioctyl viologen has been used as an electron-transfer catalyst in the 
reduction of various azobenzenes and azoxybenzenes to the corresponding 
hydrazobenzenes. The radical cation was formed via reduction of dication by sodium 
dithionite (Park and Han, 1996). A similar approach has been used to reduce 
nitroarenes and nitroalkanes (Park et al., 1995).  
 
The immobilized viologen species can serve as the electron mediator on an electrode. 
The common approach for immobilization of viologens is using a N-substituent that 
chemically binds to the electrode surface. For example, Shu and Wrighton (1988) 
developed a method by synthesis of 6-(N-pyrrole)-hexyl substituted viologen and 
immobilizing it on the electrode surface via electeopolymeriziotion of the pyrrole 
group. Hable et al. (1989) developed another approach for derivatizing electrodes with 
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viologen species by using N-substituents terminating with trimethoxysilyl group, 
which can be immobilized on the glass surface. 
 
Ng et al. reported a new approach of preparing pendent-type viologen polymers on 
polymeric surfaces by graft copolymerization (2001). This method involved a two-step 
process whereby vinylbenzyl chloride (VBC) was first graft copolymerized on the 
polymeric surface, followed by the attachment of viologen moieties to the benzyl 
chloride groups of the grafted chains. The response of the viologen-modified films to 
photoirradiation and bleaching in air or under vacuum has been reported. This 
viologen-LDPE system has the advantage of flexibility and is suitable for application 
in large area displays. Furthermore, the viologen grafted low density polyethylene 
(LDPE) film was proposed to be used as a “smart” window, as the transmittance of the 
modified film could be altered by UV irradiation (Sampanthar et al., 2000). Liu et al. 
recently reported another approach to graft viologen moieties on the low-density 
polyethylene (LDPE), silanized glass, and free-standing polyaniline (PANI) film 
surfaces by UV-induced graft copolymerization with 1,1'-bis(4-vinyl-benzyl)-4,4'-
bipyridinium dichloride (VBV) in aqueous medium (2002). In addition, photo-induced 
doping of polyaniline on the LDPE film surface modified by viologen had also been 
reported (Zhao et al., 2002). 
 
A more detail about preparation, properties and applications of viologen is found in the 
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Wafers of (100)-oriented single crystal silicon, or Si(100), having a thickness of about 
0.7 mm, were obtained from Unisil Co. of Santa Clara, CA, USA. The as-received 
wafers were polished on one side and doped as n-type. The silicon wafers were sliced 
into rectangular strips of about 1 cm × 3 cm in size. To remove the organic residues on 
the surface, the substrate was washed with the “piranha” solution, a mixture of 98 wt% 
concentrated sulfuric acid (70 vol%) and hydrogen peroxide (30 vol%) (Zhang et 
al.,1999). Caution: Piranha solution reacts violently with organic materials and 
should be handled carefully! After rinsing with copious amounts of doubly distilled 
water, the Si(100) strips were blown dried with purified argon. The clean strips were 
immersed in 10 vol% hydrofluoric acid solution in individual Teflon® vials for 5 min 
to remove the native oxide layer and to obtain a hydrogen-terminated Si(100) surface 
(Si-H surface) (Buriak, 1999).  
 
All of the following reagents were purchased from Aldrich Chemical Co. of 
Milwaukee, WI, USA. Methyl methacrylate (MMA), glycidyl methacrylate (GMA), 
and (2-dimethylamino)ethyl methacrylate (DMAEMA), were distilled under reduced 
pressure and stored in an argon atmosphere at -10ºC. Poly(ethylene glycol) 
monomethacrylate (PEGMA) macromonomer (Mn ∼360) was passed through the silica 
gel column to remove the inhibitor. It was also stored under an argon atmosphere at -
10ºC. 2,3,4,5,6-pentafluorostyrene (FS) was passed through the column with inhibitor-
remover replacement packing (Aldrich) and then stored in an argon atmosphere at -
10ºC. Diethyl ether was distilled over LiAlH4 before use. Ethyl bromoisobutyrate 
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(EBiB), 1,1,4,7,10,10,-hexamethyltriethylenetetramine (HMTETA), 2,2’-bipyridine 
(Bpy) and other chemical reagents were used without further purification.   
 
Copper(I) bromide and copper(I) chloride were purified according to procedures 
described in the literature (Perrin and Armaregon, 1988). Copper (I) bromide or 
chloride was stirred in glacial acetic acid overnight, filtered, and washed with absolute 
ethanol under an argon blanket. The compound was dried under vacuum at 60°C 
overnight.  
 
10-undecylenic acid methyl ester was prepared similar to the method described in the 
literature (Sieval et al., 1998). A mixture of 10-undecylenic acid (16 ml), 35 ml 
methanol, and 0.1 ml sulphuric was refluxed overnight. The methanol was removed 
under reduced pressure, and the resulting material was dissolving in ether. The organic 
layer was washed with a sodium bicarbonate solution, water, and brine. Drying over 
magnesium sulfate and concentrating yielded about 16 g of the crude ester as yellow 
oil. Vacuum distillation yielded 13.2 g of pure colourless 10-undecylenic acid methyl 
ester (bp. 90°C, 5 mmHg). 
 
3.1.2 Immobilization of the Initiator on the Hydrogen-terminated Silicon Surface 
 
Immobilization of the initiator on the Si-H surface was achieved through the following 
three steps: (i) UV-induced coupling of 10-undecylenic methyl ester with the Si-H 
surface, (ii) reduction of the ester group of the monolayer on the silicon surface by 
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LiAlH4, (iii) esterification of the tethered hydroxyl groups with 2-bromoisobutyryl 
bromide. The three-step immobilization process is shown schematically in Figure 3.1.  
 
For the UV-induced coupling reaction on the Si-H surface, a small amount of liquid 
10-undecylenic acid methyl ester was introduced onto the freshly prepared Si-H 
surface. The substrate was sandwiched between two quartz plates. Thus, the Si-H 
surface was wetted by a uniform liquid film of the ω–unsaturated alkyl ester. The 
assembly was placed in a Pyrex® tube and subjected to UV irradiation in a Riko rotary 
photochemical reactor (model RH400-10W, manufactured by Riko Denki Kogyo of 
Chiba, Tokyo) at 25°C for 2 h. The reactor was equipped with a 1000 W Hg lamp. The 
surface-modified silicon substrate was separated from the quartz plates and washed 
thoroughly with copious amounts of acetone to remove the residual ω–unsaturated 
alkyl ester. Finally the alkylester-modified silicon substrate (the Si-R1COOCH3 
substrate) was dried by pumping under reduced pressure for about 10 h. 
 
For the reduction of the ester terminated monolayer on the silicon surface, 100 ml of 
ether was added to a dry flask, followed by degassing with argon. About 5 g of LiAlH4 
powder was added slowly into the flask under stirring. Three pieces of the Si-
R1COOCH3 substrates were then immersed in the solution. The reaction mixture was 
keep at room temperature for 2 h. The modified substrates (the Si-R2OH substrates) 
were taken out from the reaction mixture and washed thoroughly with acetone, 0.5 M 
HCl solution, acetone, and water, in the order. The Si-R2OH substrates were dried by 









































Figure 3.1. Schematic diagram illustrating the processes 
of immobilization of surface initiators and surface graft 
polymerization via ATRP from the bromoester-
functionalized silicon surface. 
 For the esterification reaction, 3 pieces of the Si-R2OH substrates were placed in a 
solution of 1.5 ml pyridine in 50 ml dry ether, followed by dropwise addition of 2 ml 
of 2-bromoisobutyryl bromide in 30 ml of dry ether over a period of 30 min. The 
reaction mixture was gently stirred at 0°C for 2 h, and then at room temperature for 10 
h.  The substrates (the Si-R3Br substrates) were taken out and washed with ethanol, 
and water. The substrates were then dried by pumping under reduced pressure for 
about 10 h. 
From the thickness and mass density of the initiator layer and molecular weight of the 
initiator, the surface graft density of the initiators was estimated to be about 2 
units/nm2. 
3.1.3 Surface Initiated Atom Transfer Radical Polymerization 
 
For the preparation of poly(methyl methacrylate) (PMMA) brushes on the Si-R3Br 
surface, MMA (4 ml, 37.4 mmol), CuBr (18 mg, 0.125 mmol), and, HMTETA (34 µl, 
0.125 mmol) were added to 4 ml of a mixed solvent (anisole: acetonitrile, 1:1, v/v). 
The solution was degassed with argon for 20 min. The Si-R3Br substrate and the free 
initiator, EBiB (18 µl, 0.125 mmol) were then added to the solution. The reaction flask 
was sealed and kept in a 70°C oil bath for a pre-determined period of time. After the 
reaction, the silicon substrate with surface grafted poly(methyl methacrylate) (the Si-g-
PMMA surface) was removed from the solution and washed thoroughly with excess 
acetone. The “free” PMMA formed in the solution by the free initiator was recovered 
by precipitating in excess methanol. Monomer conversion was determined 
gravimetrically.  
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 For the preparation of poly((2-dimethylamino)ethyl methacrylate) (PDMAEMA) 
brushes on the Si-R3Br surfaces, DMAEMA (5 ml, 30 mmol) CuBr (22 mg, 0.15 
mmol), HMTETA (41 µl, 0.15 mmol) were added to 5 ml of THF. The mixture was 
stirred and purged with argon for 20 min. The Si-R3Br substrate and EBiB (22 µl, 0.15 
mmol) were then introduced into the solution. The reaction flask was sealed and placed 
in a 60°C water bath for a pre-determined period of time. After the reaction, the silicon 
substrate with surface grafted PDMAEMA (the Si-g-PDMAEMA surface) was 
removed from the reaction mixture and washed thoroughly with excess ethanol. The 
free PDMAEMA was recovered by precipitating in excess petroleum ether.  
 
For the preparation of poly(poly(ethylene glycol) monomethacrylate) (PPEGMA) 
brushes on the Si-R3Br surfaces, PEGMA (15 ml, 45 mmol), CuCl (45 mg, 0.45 mmol), 
CuCl2 (12 mg, 0.09 mmol), Bpy (168 mg, 1.08 mmol) were added to 10 ml of doubly 
distilled H2O. The mixture was stirred and purged with argon for 20 min. The Si-R3Br 
substrate was then introduced into the solution. The reaction flask was sealed and 
placed in a 25°C water bath for a pre-determined period of time. After the reaction, the 
silicon substrate with surface grafted PPEGMA (the Si-g-PPEGMA surface) was 
removed from the reaction mixture and washed thoroughly with excess doubly distilled 
water.  
 
For the preparation of the PDMAEMA-b-PMMA copolymer brushes on the Si-R3Br 
surfaces, the Si-g-PMMA substrate (or the Si-g-PDMAEMA substrate) was used 
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instead of the Si-R3Br substrate for ATRP of DMAEMA (or MMA) under the same 
polymerization condition as described above. 
 
For the preparation of poly(glycidyl methacrylate) (PGMA) brushes on the Si-R3Br 
surface, GMA (1.9 ml, 14 mmol), CuBr (10 mg, 0.07 mmol), CuBr2 (3.9 mg, 0.0175 
mmol), and Bpy (27.5 mg, 0.175 mmol) were added to 4 ml of a mixed solvent (DMF: 
water, 2:1, v:v). The solution was stirred and degassed with argon for 20 min. The Si-
R3Br substrate was then added to the reaction mixture. The reaction flask was sealed 
and kept at room temperature for a pre-determined period of time. After the reaction, 
the silicon substrate with surface grafted poly(glycidyl methacrylate) (the Si-g-PGMA 
substrate) was obtained from the reaction mixtures and washed thoroughly with excess 
acetone.  
 
For the preparation of poly(pentafluorostyrene) (PFS) blocks on the Si-g-PGMA 
surfaces, FS ( 1.94 ml,  14 mmol), CuBr (20 mg, 0.14 mmol), CuBr2 (7.8 mg, 0.035 
mmol), and Bpy (55 mg, 0.35 mmol) were added to  3 ml of xylene (Jankova and 
Hvilsted, 2003). The mixture was stirred and purged with argon for 20 min. The Si-g-
PGMA substrate was then introduced into the reaction mixture. The reaction flask was 
sealed and placed in a 110°C oil bath for a pre-determined period of time. After the 
reaction, the silicon substrate with surface grafted PGMA brushes and PFS blocks (the 
Si-g-PGMA-b-PFS surface) was removed from the reaction mixture and washed 




3.1.4 Preparation of the Amine Derivatized Si-g-PGMA Surface: the Si-g-PGMA-
NH2 Surface 
 
The Si-g-PGMA-NH2 was prepared by treatment of the Si-g-PGMA with excess 
ethylenediamine. The Si-g-PGMA substrate was immersed in 10 ml 4 M 
ethylenediamine DMF solution in a conical flask. The reaction mixture was kept at 
room temperature for 10 h. The strip was then washed thoroughly with copious 
amounts of absolute acetone before being dried under reduced pressure. 
 
3.1.5 Materials and Surface Characterization 
 
The chemical composition of the pristine and the functionalized Si-H surfaces was 
determined by X-ray photoelectron spectroscopy (XPS). The XPS measurements were 
performed on a Kratos AXIS HSi  spectrometer using a monochromatic Al Kα X-ray 
source (1486.6 eV photons) at a constant dwell time of 100 ms and a pass energy of 40 
eV. The samples were mounted on the standard sample studs by means of double-sided 
adhesive tapes. The core-level signals were obtained at a photoelectron take-off angle 
(α, measured with respect to the sample surface) of 90º. The X-ray source was run at a 
reduced power of 150 W (15 kV and 10 mA). The pressure in the analysis chamber 
was maintained at 10-8 Torr or lower during each measurement. All binding energies 
(BEs) were referenced to the C 1s hydrocarbon peak at 284.6 eV. Surface elemental 
stoichiometries were determined from the spectral area ratios, after correcting with the 
experimentally-determined sensitivity factors, and were reliable to within ±10%. The 
elemental sensitivity factors were calibrated using stable binary compounds of well-
established stoichiometries.  
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Reflectance FT-IR spectra of the surface-functionalized silicon substrates were 
obtained from a Bio-Rad FTS 135 FT-IR spectrophotometer using a ZnSe prism with 
an incident angle of 70º. Each spectrum was collected by accumulating 150 scans at a 
resolution of 8 cm-1. 
 
The topography of the pristine and graft-polymerized silicon surfaces was studied by 
atomic force microscopy (AFM), using a Nanoscope IIIa AFM from the Digital 
Instrument Inc. In each case, an area of 5×5 µm square was scanned using the tapping 
mode. The drive frequency was 330±50 kHz, and the voltage was between 3.0-4.0V. 
The drive amplitude was about 300 mV and the scan rate was 0.5-1.0 Hz. An 
arithmetic mean of the surface roughness (Ra) was calculated from the roughness 
profile determined by AFM. 
 
Gel permeation chromatography (GPC) measurements were carried out using an HP 
1100 HPLC equipped with a PLgel 5 µm MIXED-C column and a HP 1047A 
refractive index detector. THF was used as the mobile phase for PMMA, while THF 
with 2 vol% triethylamine was used for PDMAEMA (Zeng et al., 2000). 
Monodispersed polystyrene standards (Polymer Lab, Shropshire, UK) were used to 
generate the calibration curve. 
 
The thickness of the polymer films grafted on the silicon substrates was determined by 
ellipsometry. The measurements were carried out on a variable angle spectroscopic 
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ellipsometer (model VASE®, J. A. Woollam Inc., Lincoln, Nebraska, USA) at an 
incident angle of 70° and 75° in the wavelength range of 250 to 1000 nm. The 
refractive index of the dried films at all wavelengths was assumed to be 1.5. All 
measurements were conducted in the dry air at room temperature. For each sample, 
thickness measurements were made on at least three different surface locations. Each 
thickness data reported was reliable to ±1 nm. Data were recorded and processed using 
the WVASE32® software package. 
 
Static water contact angles of the pristine and functionalized Si-H surface were 
measured at 25ºC and 60% relative humidity by the sessile drop method, using a 3-µL 
water droplet in a telescopic goniometer (Rame-Hart, Model 100-00-(230), 
manufactured by the Rame-Hart, Inc. of Mountain Lakes, NJ, USA). The telescope 
with a magnification power of 23× was equipped with a protractor of 1º graduation. 
For each sample, at least three measurements from different surface locations were 
averaged.  
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3.2 Results and Discussion 
 
3.2.1 Immobilization of Initiators on the Hydrogen-Terminated Silicon Surface 
 
To prepare the polymer brush on the silicon surface, a uniform and dense layer of 
initiators immobilized on the silicon surface is indispensable. The chemical 
composition of the pristine Si(100) surface and the silicon surface at various stages of 
surface modification was determined by XPS. Two peak components at the binding 
energies (BEs) of about 99 and 103 eV, attributable to the Si-Si and Si-O species 
(Chastian, 1992), respectively, are observed in the Si 2p core-level spectrum of the 
pristine Si(100) surface, as shown in Figure 3.2(a). Treatment of the pristine Si(100) 
surface with dilute HF removes the native oxide layer and yields the Si-H surface 
(Buriak, 2002). The disappearance of the Si-O species at the BE of 103 eV confirms 
that the silicon surface is predominantly hydrogen-terminated after the HF treatment 
(Figure 3.2(b)). 
 
Coupling of the ester group terminated-monolayers to the Si-H surfaces was performed 
using the well-established technique (Linford et al., 1995; Sieval et al., 1998; 
Boukherroub et al., 1999; Boukherroub and Wayner, 1999; Cicero et al., 2000; Buriak, 
1999). Previous studies have shown that an alky monolayer can be tethered covalently 
to the hydrogen-terminated Si(100) or Si(111) surface via the use of a radical initiator 
or a metal complex catalyst, as well as via thermal activation, photoirradiation, or 
electrochemical reaction (Buriak, 2002). A radical-chain mechanism is proposed in the 
previous studies (Linford et al., 1995). The surface Si-H group is homolytically 
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Figure 3.2. XPS Si 2p core-level spectra of (a) the pristine Si(100) and (b) the Si-H 
surface, C 1s core-level spectra of (c) the Si-R1COOCH3 surface and (d) the Si-
R2OH surface, and (e) C 1s and (f) Br 3d core-level spectra of the Si-R3Br surface. 
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dissociated (for instance, by UV irradiation) to form the radical site (a dangling bond), 
which reacts readily with an alkene to form a surface-tethered alky radical on the β-
carbon. This radical, in turn, abstracts a hydrogen atom from an adjacent Si-H bond. 
Abstraction of a neighboring hydrogen atom completes the hydrosilylation process and 
creates another reactive silicon radical. The reaction propagates subsequently as a 
chain reaction on the Si-H surface. Figure 3.2(c) shows the C 1s core-level spectrum of 
the Si-H surface after being subjected to UV irradiation for 2 h in the presence of 10-
undecylenic acid methyl ester. The C 1s core-level spectrum of the ester functionalized 
silicon surface (the Si-R1COOCH3 surface) can be curve-fitted with four peak 
components having BEs at about 283.9, 284.6 , 286.4, and 288.8 eV, attributable to the 
Si-C species, C-H species, the C-O species, and the O=C-O species, respectively 
(Beamson and Briggs, 1992; Chastian, 1992). A [Si-C] : [C-H] : [C-O] : [O=C-O] ratio 
of 1 : 9 : 1.8 : 1 is obtained for the Si-R1COOCH3 surface. The deviation from the 
theoretical ratio of 1 : 9 : 1 : 1 probably arises from photooxidation of the formed 
monolayer by the UV source. Nevertheless, the closely preserved proportion of the 
O=C-O species allows subsequent surface functionalization. 
 
The Si-R1COOCH3 surface was then reduced by LiAlH4 in dry ether to give rise to the 
hydroxyl-terminated silicon surface (Si-R2OH surface). A very hydrophilic surface, 
with a water contact angle of only about 30º, was obtained after the subsequent 
cleaning of the modified surface with acetone, dilute HCl solution, acetone and water, 
in that order. The disappearance of the O=C-O peak component (see Figure 3.2(d)) in 
the C 1s core-level spectrum of the Si-R2OH surface indicates the ester group is 
reduced to the hydroxyl group (Sieval et al., 1998). 
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 The presence of the Br 3d core-level spectrum at the BE of around 70.5 eV and the 
reappearance of the O=C-O peak component in the C 1s core-level spectrum of the 2-
bromoisobutyrate functionalized silicon surface (the Si-R3Br surface) indicate that the 
2-bromoisobutyrate species has been successfully immobilized on the silicon surface. 
The respective C1s and Br 3d core-level spectra of the Si-R3Br surface are shown in 
Figures 3.2(e) and 3.2(f). 
 
The thickness of the coupled monolayer on the Si-R1COOCH3 surface, as determined 
by optical ellipsometry, is about 1.7 nm, which is comparable to that of the ester-
terminated monolayer on the Si-H surface from thermal coupling (Sieval et al., 1998). 
The persistence of very strong Si signals in the wide scan spectrum of the Si-
R1COOCH3 surface provides additional evidence to the fact that the thickness of the 
monolayer is much less than the sampling depth of the XPS technique (about 7.5 nm in 
an organic matrix (Tan et al., 1993)). After immobilization of the 2-bromoisobutyrate 
segments, the thickness of the monolayer on the Si-R3Br surface increases to about 2.5 
nm. 
 
3.2.2 Surface Initiated Polymerization from the α-Bromoester Functionalized 
Silicon Surface via Atom Transfer Radical Polymerization 
 
The advantage of ATRP over other living polymerizations, such as anionic and 
cationic polymerizations, is the tolerance for various functionalities in the monomers, 
leading to polymer with functionalities along the chains. Therefore, the 
physicochemical properties of the silicon surface can be tuned by the choice of a 
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variety of vinyl monomers. In addition to the selection of MMA as the model 
monomer, two additional functional monomers, DMAEMA and PEGMA, are also 
selected. The DMAEMA polymer is both thermal-sensitive and pH-sensitive (Yuk et 
al., 1997). The well-defined PDMAEMA brush can be used to prepare “smart” surface 
on a nanometer scale, since they react collectively to environmental stimuli, such as 
changes in pH or temperature. The PEGMA polymer-grafted silicon surface from 
conventional radical polymerization was effective in preventing protein adsorption and 
platelet adhesion (Zhang et al., 2001). Biocompatible silicon surface prepared from 
graft polymerization of PEGMA can be used in the silicon-based biomedical 
microdevices. Furthermore, the hydroxyl end groups of the grafted poly(ethylene 
glycol) side chains can also be converted into various functional derivatives (Wang et 
al., 2001).  
 
A sufficient concentration of the deactivating Cu(II) complex is necessary to establish 
an equilibrium rapidly between the dormant and the active chains at the initiation of 
ATRP. In the absence of this controlled equilibrium, the process resembles that of the 
conventional redox-initiated radical polymerization (Matyjaszewski and Xia, 2001; 
Wang and Matyjaszewski, 1995). The Cu(II) species can be obtained by the reaction of 
Cu(I) complex with the initiator to produce the active radical for propagation, or by 
addition at the begin of reaction. The main difference between ATRP from a surface 
and ATRP in bulk or solution is the relatively low concentration of the initiator 
immobilized on the surface. The low surface initiator concentration can lead to a low 
concentration of the deactivating species (Cu(II) complex) being formed at the begin 
of polymerization. The problem can be resolved by two approaches. One is the 
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addition of the free initiator at the begin of the reaction (Ejaz et al., 1998), and the 
other is the addition of the deactivator (Cu(II) complex) (Matyjaszewski et al., 1999). 
Because of the difficulty in obtaining the molecular weight of the grafted polymer on 
the silicon surface, the first approach was chosen to control the ATRP from the surface. 
In addition, the “free” polymer formed by the free initiator in solution can be used to 
monitor the properties of the grafted polymer. Thus, the free initiator serves not only as 
a mediator for ATRP on the surface, but also as an indicator of surface graft 
polymerization.  
 
Initial experiments using anisole as solvent for ATRP from the Si-R3Br surface did not 
yield good results. Copper precipitation on the flask wall was observed at high 
conversion when the [monomer]/[initiator] ratio was increased to 300. The coverage of 
the PMMA brushes on the silicon surface was very low. Previous studies have shown 
that the use of polar solvents for ATRP can result in an increase in polymerization rate 
and dissolution of the copper complex (Matyjaszewski and Xia, 2002; Pascual et al., 
1999). Thus, a mixed solvent (anisole: acetonitrile = 1:1, v/v) was chosen for carrying 
out the ATRP of MMA on the Si-R3Br surface. No copper precipitation was observed 
during ATRP. The reaction medium remains homogeneous throughout the 
polymerization process.   
 
The presence of grafted polymer on the silicon surface is ascertained first by XPS 
analysis. The results are shown in Figure 3.3. The C 1s core-level spectra of the Si-g-
PMMA surface (part a) and Si-g-PPEGMA surface (part c) can be curve-fitted with 
three peak components having BEs at about 284.6, 286.2, and 288.5 eV, attributable to 
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the C-H, C-O, and O=C-O species, respectively (Beamson and Briggs, 1992; Chastian, 
1992). On the other hand, the C 1s core-level spectrum of the Si-g-PDMAEMA 
surface can be curve-fitted with four peak components having BEs at about 284.6, 
285.5, 286.2, and 288.5 eV, attributable to the C-H, the C-N, the C-O, and the O=C-O 
species, respectively (Beamson and Briggs, 1992; Chastian, 1992).   
 
Table 3.1 summarises the chemical composition and physical characteristics of the 
MMA, DMAEMA, and PEGMA graft polymerized silicon substrates via the surface-
initiated ATRP. The theoretical [O]/[C] ratio and [C-H]:[C-O]:[O=C-O] ratio of the 
MMA homopolymer are 0.4 and 3:1:1, respectively. The corresponding ratios for the 
Si-g-PMMA surface, obtained from XPS analysis, are in fairly good agreement with 
the theoretical ratios. Fairly good agreement between the XPS-derived and theoretical 
surface composition is also observed for the PDMAEMA and PPEGMA grafted silicon 
surface. The surface coverage, defined as the amount of the grafted polymer per square 
meter of the surface, was calculated from the product of thickness and density of the 
grafted polymer layer. For simplicity, the density of the corresponding bulk polymer is 
used as the density of the grafted polymer film. Thus, surface coverages of 10.5, 15, 
and 23 mg/m2 were obtained, respectively, for the PMMA, PDMAEMA, and 
PPEGMA brushes on the silicon surfaces, as shown in Table 3.1. For the Si-g-PMMA 
surface, the surface coverage is comparable to that previously reported for the PMMA 
brushes grown from the oxidized silicon surface (Mori et al., 2001).
The variation in water contact angle for the silicon surfaces with different polymer 
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Figure 3.3. XPS C1s core-level spectra of the Si-R3Br surface 
subjected to ATRP of (a) MMA, (b) DMAEMA, (c) PEGMA. 






contact angle of the pristine Si-H surface is about 72° . After immobilization of the 2-
bromoisobutyrate terminated monolayer, the contact angle is about 65°. As shown in 
Table 3.1, the silicon surface with a PMMA graft layer (at a thickness of 9.5 nm) has a 
contact angle of about 70°. When grafted with a PPEGMA layer, the silicon surface 
becomes more hydrophilic and the contact angle decreases to about 44°.  
The ellipsometry measurements indicate a large increase in film thickness after the 
growth of the PMMA layer on the Si-R3Br surface. Control experiments, under the 
conditions similar to that for surface graft polymerization via ATRP, are carried on the 
following surfaces: the Si-H surface, the Si-R1COOCH3 surface, and the Si-R2OH 
surface. No increase in thickness on all the control surfaces was discernible. The 
results confirm that the increase in thickness observed is the result of graft 
polymerization from the 2-bromoisobutyrate functionalized silicon surface, or the Si-
R3Br surface. 
As shown in Figure 3.4(a), a approximately linear increase in thickness of the grafted 
PMMA layer on the Si-R3Br surface with the polymerization time is observed. The 
first order kinetic was accepted for ATRP in solution. Kinetics between the surface-
initiated ATRP and ATRP in solution should be identical. It seems that there is not 
linear relationship between the thickness and time. However, the conversion is usually 
low for ATRP. At the low conversion, or at the earlier stage of the ATRP, the kinetics 
can be simplified and approximated as zero order kinetics. In addition, a linear 
relationship between the thickness of the PMMA layer and the molecular weight of the 
“free” polymer formed in the solution is also observed (Figure 3.4(b)). Although the 
exact molecular weight of the polymer grafted on the silicon surface is not known, the 





Figure 3.4. Dependence of the thickness of the PMMA 
layer, grown from the Si-R3Br surface via ATRP, on (a) 
polymerization time, and (b) molecular weight (Mn) of the 
“free” PMMA formed in the solution.  Reaction conditions 
are shown in Table 3.1 
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(b) Si-g-PMMA 
























































































Figure 3.5 The relationships (a) between ln([M0]/[M]) and 
polymerization time; (b) between Mn and monomer 
conversion (Reaction conditions are shown in Table 3.1)  
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polymer formed in the solution (Ejaz et al., 1998; Matyjaszewski et al., 1999). These 
results indicate that the process of surface initiated ATRP of MMA is controlled. 
 
Additional evidence on the controlled polymerization is also obtained from the “free” 
PMMA formed by the free initiator. Figure 3.5(a) shows the linearity relationship 
between ln([M0]/[M]) and time, where [M0] is the initial monomer concentration and 
[M] is the monomer concentration. The result indicates that the concentration of the 
growing species remains constant and a first-order kinetic is obtained. Figure 3.5(b) 
shows the relationship between Mn of the free PMMA and the conversion of the MMA 
monomer. The number-average molecular weight of the “free” PMMA increases 
linearly with the increase in monomer conversion.  The polydispersity index (Mw/Mn) 
of the free PMMA is also around 1.2.  
 
The changes in topography of the silicon surfaces after modification by ATRP surface 
graft polymerization were studied by AFM. Representative AFM images of the pristine 
Si-H, Si-R3Br and Si-g-PMMA (PMMA thickness of 9.5 nm) surfaces are shown in 
Figure 3.6. The root mean square surface roughness (Ra) of the pristine Si-H surface is 
only about 0.44 nm. The Si-R3Br surface remains molecularly uniform with an Ra 
value of about 0.52 nm. After surface graft polymerization of MMA via ATRP, the Ra 
value increases slightly to about 1.1 nm. In addition, the ellipsometry data indicate that 
the grafted PMMA film exhibits macroscopic uniformity in thickness. These results 
suggest that the ATRP graft polymerization has proceeded uniformly on the Si-R3Br 
surface to give rise to a dense coverage of PMMA on the silicon surface. As is also 
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shown in Figure 3.6(c), the grafted MMA polymers on the silicon surface exist as a 
distinctive overlayer.  
 
3.2.3 Block Copolymer Brushes 
Another advantage of ATRP over the conventional radical polymerization technique is 
the possibility for the synthesis of block copolymers. ATRP is used to synthesize the 
PMMA-b-PDMAEMA diblock copolymer brushes from the α-bromoester 
functionalized silicon surface. 
 
The formation of block copolymer brushes was confirmed by the ellipsometry and 
XPS. A 7 nm increase in the thickness of the grafted polymer layer was observed by 
ellipsometry after ATRP of DMAEMA at 60°C for 6 h on the Si-g-PMMA surface 
(initial thickness 9.5 nm). Figure 3.7(a) shows the XPS C 1s core-level spectrum of the 
Si-g-PMMA-b-PDMAEMA surface. In comparison with the C 1s core-level spectrum 
of the Si-g-PMMA surface shown in Figure 3.3(a), a new peak component, assigned to 
the C-N species, appears in the curve-fitted C 1s core-level spectrum of the Si-g-
PMMA-b-PDMAEMA surface. In addition, a new N 1s peak component at the BE of 
398.5 eV has also appeared in the wide scan spectrum of the Si-g-PMMA-b-
PDMAEMA surface. These results confirm that some of the dormant sites at the ends 
of the grafted PMMA chains allow the reactivation of the graft polymerization process, 
resulting in the formation of the block copolymer brushes on the silicon surface. The 
C-N peak component arises solely from the PDMAEMA block of the PMMA-b- 
PDMAEMA copolymer brush. The peak component areas of the C-H and C-N species 



































Z: 20 nm/Div 
Ra = 0.44 nm 
(b) 
Z: 20 nm/Div 
Ra = 0.52 nm 
Si-R3Br Surface 
(c) 
Z: 20 nm/Div 






Figure 3.6. AFM images of (a) the Si-H surface, (b) the Si-R3Br 
surface, and (c) the Si-g-PMMA surface (PMMA thickness = 9.5 nm). 
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level lineshape in Figure 3.7(a) closely resembles that of the Si-g-PDMAEMA surface 
in Figure 3.3(b) ready confirms that the Si-g-PMMA-b-PDMAEMA surface is 
dominated by the PDMAEMA blocks and the PMMA blocks are located mostly below 
the sampling depth of the XPS technique (about 7.5 nm in an organic matrix). The 
ratio of the PMMA blocks to the PDMAEMA blocks within the XPS sampling depth 
can, nevertheless, be determined from the [C-H]PMMA/[C-H]PDMAEMA ratio, or the ([C-
H]-[C-N])/[C-N] ratio in Figure 3.7(a). The result is given in Table 3.2. 
 
The water contact angles of the diblock polymer brushes on the silicon surfaces are 
also shown in Table 3.2. After DMAEMA has been block-copolymerized onto the 
PMMA brushes, the contact angle of the Si-g-PMMA-b-PDMAEMA surface 
decreases from about 70º to 50º. The contact angle is comparable to that of the 
homopolymer brushes of PDMAEMA on the silicon surface.  
 
In another example, a Si-g-PDMAEMA surface with 15 nm thick of PDMAEMA was 
used for the ATRP of MMA. A 5 nm increase in thickness of the grafted polymer layer 
was measured by ellipsometry after ATRP of MMA at 70 ºC for 4 h from the Si-g-
PDMAEMA surface. In comparison with the C 1s core-level spectrum of the Si-g- 
PDMAEMA surface shown in Fig 3.3 (b), a substantial decrease in peak component 
area of the C-N species is observed in the C 1s core-level spectrum of the Si-g- 
PDMAEMA-b-PMMA surface (Figure 3.7(b)). The ratio of the PMMA blocks to the 
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Figure 3.7 XPS C 1s core-level spectra of (a) the PMMA-b-
PDMAEMA and (b) PDMAEMA-b-PMMA block copolymer 
brushes on the silicon surface (the thickness values of the initial 




Table 3.2 Contact Angle, Film Thickness, and Surface Composition of the 
Diblock Copolymer Brushes Grafted on the Hydrogen-terminated Silicon 
Surfaces via ATRP 
Surface CompositionaSample Contact Angle 
(± 3º) 
Thickness






50 16.5 14 86 
Si-g-PDMAEMA-b-
PMMA Surfacec
65 20 76 24 
a Determined from the curve-fitted XPS C 1s core-level spectra. 
b Surface ATRP of DMAEMA from the Si-g-PMMA surface (PMMA thickness = 9.5 
nm). 
c Surface ATRP of MMA from the Si-g-PDMAEMA surface (PDMAEMA thickness = 
15 nm). 
 
3:1, as determined from the C-H and C-N peak component areas in Figure 3.7(b). The 
result is given in Table 3.2. The smaller thickness (than the sampling depth of the XPS 
technique) of the PMMA blocks allows a higher proportion of the underlying 
PDMAEMA blocks to be detected by the XPS technique. As shown in Table 3.2, the 
water contact angle of the Si-g-PDMAEMA-b-PMMA surface is also comparable to 
that of the Si-g-PMMA surface. 
 
3.2.4 Surface-Initiated ATRP of GMA in Mixed DMF/H2O Media 
As a potential surface linker for biomolecules, poly(glycidyl methacrylate) (PGMA) 
has promising application in advanced biotechnology, such as DNA separation, 
targeted drug delivery, enzyme immobilization, and immunological assay, because of 
 77
the ease in conversion of epoxy groups into a variety of functional of groups, such as –
OH, –NH2, and –COOH (May, 1988). In addition, the epoxy-functionalized polymer 
brushes are promising molecular adhesives (Wu et al., 1999; Zhang et al., 2001f). In 
the present study, the approach of the addition of the deactivating Cu(II) complex is 
adopted to solve the problem of low initiator concentration. Previous studies have 
shown that the use of polar solvents for ATRP can result in an increase in 
polymerization rate and dissolution of the copper complex (Matyjaszewski and Xia, 
2001; Pascual et al., 1999; Perrier and Haddleton, 2002). Thus, a mixed solvent 
(DMF/water = 2/1, v/v) was chosen for the surface-initiated ATRP of GMA on the Si-
R3Br substrate. The reaction medium remains homogeneous throughout the 
polymerization process. Neither copper nor polymer precipitate was observed during 
polymerization.  In order to ascertain that the catalyst system (CuBr/CuBr2/bpy) can 
provide living character for the ATRP of GMA in the mixed solvent at room 
temperature, synthesis of GMA homopolymer in DMF/water (v/v, 2:1) mixture was 
carried out under identical conditions, except the Si-R3Br substrate was replaced by 
ethyl 2-bromoisobutyrate at a monomer to initiator molar ratio of 200. After 2 h of 
polymerization, a GMA polymer (PGMA) sample with a nM  of about 12,400 g/mol 
and polydispersity index (PDI) of 1.25 was obtained. At 3 h of polymerization, the 
nM  and PDI were 20,264 g/mol and 1.32, respectively. With the increase in molecular 
weight, PGMA begin to precipitate in the mixed solvent. 
 
A PGMA layer of about 9 nm in thickness, as measured by the ellipsometry, was 
obtained after the surface-initiated ATRP of GMA from the Si-R3Br surface at room 
temperature for 2 h (Table 3.3). Control experiments, under conditions similar to those 
used for the surface graft polymerization via ATRP, were carried out on the following 
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surfaces: the Si-H surface, the Si-R1COOCH3 surface, and the Si-R2OH surface. No 
increase in thickness of the organic layer on any of these control surfaces was 
discernible. The results confirm that the increase in thickness observed is the result of 
graft polymerization from the 2-bromoisobutyrate functionalized silicon surface, or the 
Si-R3Br surface. A surface coverage of about 28 mg/m2 was obtained for the PGMA 
brushes of 28 nm in thickness on the Si-H surface after 6 h of reaction at room 
temperature (Table 3.3). 
 
The presence of grafted GMA polymer on the silicon surface is ascertained by XPS 
analysis. Figure 3.8 shows the wide scan and C 1s core-level spectra of the Si-g-
PGMA surface with a thickness of about 9 nm. The wide scan spectrum is dominated 
by the C 1s and O 1s signals. The fact that the Si signals are barely discernible in the 
wide scan spectrum of the Si-g-PGMA surface indicates that the thickness of the 
PGMA layer is comparable to the probing depth of the XPS technique (Tan et al., 
1993). The C 1s core-level spectrum of the Si-g-PGMA surface can be curve-fitted 
with three peak components having BEs at about 284.6, 286.2, and 288.5 eV, 
attributable to the C-H, C-O, and O=C-O species, respectively (Beamson and Briggs, 
1992; Chastian, 1992). Table 3.3 summarises the surface analysis results of the GMA-
graft polymerized silicon substrates via surface-initiated ATRP at two different 
reaction times. As shown in Table 3.3, the [O]/[C] ratio and the [C-H]:[C-O]:[O=C-O] 
ratio of the two Si-g-PGMA surfaces, obtained from XPS analysis, are in good 
agreement with the corresponding theoretical ratios of 3/7 and 3:3:1. Thus, the 
chemical structure, in particular the epoxy functional group, of the GMA polymer is 
preserved during the surface-initiated ATRP process (see also below). Figure 3.9(a) 
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Figure 3.8 XPS (a) wide scan and (b) C1s core-level 
spectra of the Si-R3Br surface subjected to ATRP of 
GMA at room temperature in a mixed DMF/H2O 
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Figure 3.9 Reflectance FT-IR spectra of (a) the Si-g-
PGMA surface (surface coverage = 28 mg/m2) and 
(b) the surface after subjected to reaction with 4 M 
ethylenediamine in DMF at room temperature.  
 
 82
FT-IR spectrum of the Si-g-PGMA surface with a surface coverage of 28 mg/m2. The 
appearance of the absorption band at 1735 cm-1, attributable to carbonyl stretching 
vibration of the ester group of PGMA, confirms the presence of a PGMA layer on the 
silicon surface. In addition, absorption peaks at around 2968 cm-1 are attributable to the 
C-H stretching of the aliphatic compounds.  
 
The changes in topography of the silicon surfaces after modification by the surface-
initiated ATRP were studied by AFM. A representative AFM image of the Si-g-PGMA 
surface (PGMA thickness of about 9 nm) is shown in Figure 3.10(a). As reported 
previously, the root mean square surface roughness (Ra) of the pristine Si-H and Si-
R3Br surfaces is only about 0.44 and 0.52 nm, respectively. After surface graft 
polymerization of GMA via ATRP, the Ra value increases slightly to about 1.8 nm. In 
addition, the ellipsometry data indicate that the grafted PGMA film exhibits 
nanoscopic uniformity in thickness. These results suggest that the ATRP has 
proceeded uniformly on the Si-R3Br surface to give rise to a dense coverage of PGMA 
on the silicon surface. As is also shown in Figure 3.10(a), the grafted GMA polymer 
chains on the silicon surface exist as a distinctive overlayer.  
 
The effect of water on the rate of graft polymerization of GMA by ATRP is also 
investigated. The thickness of polymer brushes grown on the silicon surface as a 
function of polymerization time in two different reaction media is shown in Figure 
3.11. An approximately linear increase in thickness of the PGMA graft layer on the Si-
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Figure 3.10 AFM images of (a) Si-g-PGMA surface and (b) the Si-g-
PGMA-NH2 (PGMA thickness = 9 nm). 
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the mixed DMF/water medium and in pure DMF. GMA concentration kept constant 
during reaction due to very small consumption. The polymerization rate degenerates to 
zero order kinetics. The linearity relationship between thickness and time was 
obtained. These results indicate that the process of surface initiated ATRP of GMA is 
controlled in both solvent systems. 
 
Surface-initiated polymerization of GMA in pure DMF gave rise to only a 5-nm thick 
PGMA film in 6 h, compared to the 28-nm thick film obtained when the graft 
polymerization was carried out in the DMF/water mixture. This marked difference in 
surface graft polymerization rate indicates that the ATRP process is facilitated by the 
presence of an aqueous medium.  Recently, several reports on the unexpectedly rapid, 
yet controlled, ATRP in aqueous media have appeared (Jones and Huck, 2001; Huang, 
et al., 2002; Kim et al., 2002). For example, synthesis of hydrophobic polymer brushes 
from gold surface was facilitated in methanol/water medium (Jones and Huck, 2001). 
Poly(2-hydroxyethyl methacrylate) film of about 700 nm in thickness has been 
synthesized on gold surface in an aqueous medium in 12 h (Huang, et al., 2002). 
Polymer layer over 100 nm in thickness is obtained by surface-initiated ATRP of 
poly(ethylene glycol) monomethacrylate (PEGMA) on Si-H surface in 12 h under 
ambient temperature in an aqueous medium in our group. Several factors have been 
proposed to account for the accelerated reaction rate in aqueous media in the previous 
studies. An increase in polarity of the reaction medium might have a marked effect on 
the structure and stability of reactants and intermediates (Perrier and Haddleton, 2002). 
The most probable catalytic species in aqueous media is the simple monocationic 
[Cu(I)(bpy)2]+  complex with a halid counterion. (Matyjaszewski and Xia, 2001; 
Munakata et al., 1987). The presence of water is believed to promote the formation of 
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the more active Cu(I) catalyst. However, in conventional bulk or nonaqueous ATRP, 
the catalyst systems are the neutral, binuclear Cu(I) complexes with bridging halid 
ligands (Matyjaszewski and Xia, 2001; Kickelbick et al., 2001). The difference in 



























Figure 3.11 Dependence of the thickness of the PGMA layer, grown 
from the Si-R3Br surface via ATRP on polymerization time in (a) 
DMF/Water medium and (b) DMF. 
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Additional evidence on the controlled nature of the present graft polymerization 
process is obtained by using the GMA polymer brushes as the macroinitiators for the 
second round of ATRP of the same or another monomer. Recently, homopolymer and 
block copolymer of pentafluorostyrene (FS) have been synthesized by ATRP using the 
copper/bipyridine system (Jankova and Hvilsted, 2003). Block copolymerization of FS 
with the Si-g-PGMA surface was selected in the present study to investigate the 
“living” character of the PGMA brushes. The F 1s signal of the FS polymer (PFS) is 
expected to provide a sensitive marker in the XPS analysis. The Si-g-PGMA substrate, 
with a PGMA layer thickness of about 9 nm, was placed in the FS monomer solution at 
110°C for 6 h to prepare the Si-g-PGMA-b-PFS surface. An increase in thickness of 
the grafted polymer layer by about 4 nm was observed after the ATRP of FS. Figures 
3.12(a) and 3.12(b) show the respective C 1s and F 1s core-level spectra of the Si-g-
PGMA-b-PFS surface. A new F 1s peak component at the BE of about 688 eV has 
appeared. The C 1s core-level spectrum of the Si-g-PGMA-b-PFS surface can be 
curve-fitted with three peak components having BEs at about 284.6, 286.4, and 288.3 
eV, attributable to the C-H, C-O/C-C5F5, and O=C-O/C-F species (Beamson and 
Briggs, 1992; Chastian, 1992), respectively.  The [F]/[C] and [C-H]: [C-O and C-C5F5]: 
[O=C-O and C-F] ratios are about 0.3 and 1:1.1:0.95, respectively, as determined from 
the XPS F 1s and curve-fitted C 1s core-level spectral area ratios. Compared to the C 
1s core-level spectrum of the Si-g-PGMA surface shown in Figure 3.8(b), the high BE 
component (about 288.3 eV) of the curve-fitted C 1s core-level spectrum of the Si-g-
PGMA-b-PFS surface is enhanced, as shown in Figure 3.12(a), due to contribution of 
the C-F species from PFS. The ratio of the PFS blocks to the PGMA blocks within the 
 87
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Figure 3.12 XPS (a) C 1s and (b) F 1s core-level spectra 
of Si-g-PGMA-b-PFS surface.  
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XPS sampling depth is defined as the number of the FS repeat units (NFS) per GMA 
repeat unit (NGMA) and calculated from the expression: 
NFS                                       Area of F 1s peak / 5 
NGMA                   (Area of C 1s peak –Area of F 1s peak × 8 / 5) / 7 
 
where the stoichiometric factors of 5 and 8 are introduced to account, respectively,  for 
the 5 F atoms and 8 C atoms in each PFS unit. The factor 7 accounts for the 7 C atoms 
per GMA unit. The spectral areas were corrected using their respective sensitivity 
factors. A ratio of 4:5 was obtained for the PFS:PGMA blocks. According to ATRP 
mechanism, the chain ends of the polymer brushes should be terminated by the 
bromide groups (see Figure 3.1). These chain ends remain active or “living” to 
initiated the ATRP again. These results confirm that some of the dormant sites, i.e. 
bromide groups, at the grafted PGMA chain ends allow the reactivation of the graft 
polymerization process, resulting in the formation of the block copolymer brushes on 
the silicon surface. After FS has been block-copolymerized with the PGMA brushes, 
the contact angle of the Si-g-PGMA-b-PFS surface increases from about 68º to 110º. 
The latter contact angle is comparable to those of the fluoropolymer films (Tan, et al., 
1993), and further confirms that the hydrophobic PFS blocks have been grafted on the 
Si-g-PGMA surface. 
 
An important feature of the Si-g-PGMA surface is the preservation of the reactive 
epoxy groups during the ATRP process. In principle, all nucleophilic groups, such as, -
NH2, -SH, -OH, -COOH groups, will react readily and irreversible with the epoxy 
groups in subsequent surface functionalization. Epoxide-based microarray is especially 
suited for the covalent immobilization of oligonucleotides (10 to 80 bases), the 
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products of polymerase chain reaction (PCR), and cDNA molecules (Stear et al., 
2003). Furthermore, peptides, proteins (for instance, antibodies), cells and tissues can 
be immobilized on epoxy microarrays or microslides (MacBeath and Schreiber, 2000). 
The surface functionalized silicon substrates with a high density of epoxy groups are, 
thus, promising for applications in hybrid molecular-semiconductor devices or 
chemical-biosensors. The room temperature reaction of the Si-g-PGMA surface with 
an amine-containing compound (ethylenediamine) was investigated to ascertain, in a 
more quantitative manner, the preservation of the epoxy groups and their reactivity 
toward further functionalization. 
 
The room temperature reaction of PGMA brushes with excess ethylenediamine results 
in the opening of the epoxide rings. Figures 3.14(a) and 3.14(b) show the respective C 
1s and N 1s core-level spectra of the resulting Si-g-PGMA-NH2 surface from 
immersion of the Si-g-PGMA substrate (PGMA surface coverage: 28 mg/m2) in 4 M 
ethylenediamine solution. A new N 1s peak component at the BE of about 399.2 eV 
(Beamson and Briggs, 1992) is observed for the Si-g-PGMA-NH2 surface. In addition, 
a new peak component at the BE of 285.5 eV, attributable to the C-N species 
(Beamson and Briggs, 1992), is discernible in the curve-fitted C 1s core-level spectrum 
of the Si-PGMA-NH2 surface, when compared to the C 1s core-level spectrum of the 
Si-g-PGMA surface (Figure 3.8(b)). The [N]:[C] ratio and [C-H]:[C-N]:[C-O]:[O=C-O] 
ratio of the Si-g-PGMA-NH2 surface, obtained from XPS analysis, are about  0.2 and 
3.0 : 2.9 : 2.0 : 1.0, respectively. The plausible reactions of the epoxy groups with 
ethylenediamine are shown in Figure 3.13. The reaction of 2 moles of epoxide with 1 
mole of ethylenediamine will result in a [C-N]/[C-H] ratio of 2/3, while the reaction of 
1 mole of epoxide with 1 mole ethylenediamine will result in a [C-N]/[C-H] ratio of 
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3/3. The C-N peak component in the curve-fitted C 1s core-level spectrum of the Si-g-
PGMA-NH2 surface is contributed solely by ethylenediamine. Thus, the extent of 
conversion of epoxy groups within the XPS sampling depth can be determined simply 
from the [C-N]/[C-H] ratio. The observed [C-N]/[C-H] ratio of about 0.96 is indicative 
of the almost complete opening of the epoxide rings and each ethylenediamine 
molecule has reacted with only one epoxy group.  The complete opening of the 
epoxide rings is further ascertained by the fact that the [C-O]/[O=C-O] ratio of the Si-
g-PGMA-NH2 has decrease to 2:1, from 3:1 for the original Si-g-PGMA surface. 
 







































Figure 3.13 Schematic diagram illustrating the plausible 
reactions of the epoxy group with ethylenediamine  
 
The reflectance FTIR spectrum of the Si-g-PGMA-NH2 surface is shown in Figure 
3.9(b). The appearance of a broad band in the 3360 cm-1 region is attributable to the O-
H and N-H stretching, and further confirms the ring-opening reaction of the epoxy 
groups on the silicon surface by ethylenediamine. The topography of the Si-g-PGMA-
NH2 surface was also studies by AFM. A representative AFM image of the Si-g-
 91
PGMA-NH2 surface is shown in Figure 3.10(b). After surface functionalization with 
ethylenediamine, the Ra value increases to about 2.6 nm, which is slightly higher than 
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Controlled grafting of well-defined polymer brushes of PMMA, PDMAEMA, 
PPEGMA, and PGMA was carried out via ATRP on the hydrogen-terminated Si(100) 
surfaces (the Si-H surfaces). Prior to the surface initiated ATRP, the Si-H surface was 
functionalized by the α-bromoester group in three steps. Kinetic studies revealed a 
linear increase in thickness of the surface graft polymerized film with reaction time 
and Mn of homopolymer in solution, indicating that the chain growth from the surface 
was a controlled process with a “living” characteristic. Diblock copolymer brushes 
consisting of PMMA and PDMAEMA blocks were obtained on the silicon surfaces 
using either type of the homopolymer brushes as the macroinitiators for ATRP of the 
second monomer. The rate of graft polymerization was enhanced in the aqueous 
mixture (DMF/water) medium. The epoxy functional groups on the resulting Si-g-
PGMA surface were preserved quantitatively. The “living” character of the grafted 
PGMA chain ends was further confirmed by the subsequent growth of a 
poly(pentafluorostyrene) block from the Si-g-PGMA surface. The grafted PGMA 
brushes can be further functionalized in high yield via reaction of their epoxy 
functional groups. This provides opportunities for tailoring the surface properties of 
polymer brushes to a variety of potential applications, such as covalent immobilization 
of oligonucleotides, PCR products and DNA. The homopolymer and block copolymer 
covalently tethered to the silicon atoms at the surfaces have imparted new and well-
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(100)-oriented single crystal silicon, or Si(100), wafers, having a thickness of about 0.7 
mm and a diameter of 150 mm, were obtained from Unisil Co. of Santa Clara, CA, 
USA. The as-received wafers were polished on one side and doped as n-type. The 
cleanness of silicon wafers and preparation of hydrogen-terminated Si(100) surface 
(Si-H surface) were described in the Section 3.1.1.  
 
All the chemical reagents were purchased from Aldrich Chemical Co. of Milwaukee, 
WI, USA. The inhibitor in 4-vinylbenzyl chloride (VBC) was removed by column 
chromatography. The purified VBC was then stored under an argon atmosphere at -
10ºC. Diethyl ether was distilled over LiAlH4 before use. 10-Undecylenic acid methyl 
ester was prepared according to the procedures described in Section 3.1.1. 
Tetrahydrofuran (THF) was refluxed over sodium in the presence of benzophenone 
until a persistent blue color appeared and then distilled. 
 
4.1.2 Synthesis of Chain Transfer Agents (CTAs) 
 
Two kinds of CTAs, cumyl dithiobenzoate and cumyl phenyldithioacetate, were 
prepared according to the literature (Le et al., 1998; Chiefari, et al., 1998). Figure 4.1 
shows the schematic diagram illustrating the process for the synthesis of cumyl 
dithiobenzoate. Phenylmagnesium bromide was first prepared from bromobenzene and 
magnesium turnings. A 500 ml two-necked round bottom flask was fitted with a 250 
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ml dropping funnel and a condenser. All glassware was dried before use at 120 °C 
overnight. THF was freshly distilled from sodium. 8 g of magnesium turnings and 20 
ml dry THF were added to the flask, followed by addition of about 0.2 g iodine. The 
dropping funnel was filled with 200 ml THF and 33 ml bromobenzene (0.3 mol). 
Approximately 10% the bromobenzene was allowed to drop into the magnesium/THF 
mixture, which was then carefully warmed with a 40°C water bath until the reaction 
started. Start of reaction was indicating by the sudden disappearance of the brownish 
color. The bromobenzene solution was then added dropwise (slowly) and the 
temperature remained around 35 °C. An ice bath was used to remove the heat of 
reaction if necessary. Upon completion of the addition, the mixture was left to reflux 
until the magnesium turnings disappeared.  
 
The mixture was cooled in an ice bath. The empty dropping funnel was recharged with 
24 ml anhydrous carbon disulfide. The carbon disulfide was added slowly and 
carefully to the reaction mixture and the ice bath was used to remove the heat of 
reaction. The mixture turned dark brown and opaque quickly. Upon the completion of 
the addition, the mixture was left to stir for an additional hour.  
 
Fifty ml of water was added slowly to the cooled reaction mixture for neutralizing the 
Grignard compound. The mixture was filtered to remove insoluble magnesium salts. 
The mixture was then concentrated on a rotary evaporator and the resulting solution 
was subsequently treated with sufficient quantity of concentrated hydrochloric acid.  
The pink liquid was extracted twice with diethyl ether. The organic  
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Figure 4.1 Schematic diagram illustrating the process for 
synthesis of chain transfer agent, cumyl dithiobenzoate 
 
 
phase was collected and dried with magnesium sulfate. Removal of the solvent yields 
the dithiobenzoic acid as an intensely colored purple oil. 
 
A mixture of dithiobenzoic acid (14 g, 0.091 mol), α-methylstyrene (17 ml, 0.13 mol) 
and carbon tetrachloride (45 ml) was heated at 70°C overnight. The resulting mixture 
was reduced to a crude oil by evaporating the solvent. Then it was purified by column 
chromatography over silica gel 60 using petroleum ether as eluent to give the pure 
product as a dark purple oil (7g, 25% yield). IR spectroscopy gives the following 
results: aromatic C-H stretch, 3062, 3028 cm-1; aliphatic C-H stretching, 2966, 2925 
cm-1; overtone indicative of monosubstituted aromatic, 2000-1650 cm-1; aromatic ring 
stretch: 1901, 1494, 1453 cm-1; thiocarbonyl C=S stretch, 1219, 1125, 1028 cm-1. 
 
Cumyl phenyldithioacetate was synthesized according to the same procedure described 
above using benzyl chloride instead of bromobenzene. 
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4.1.3 Immoblization of Azo Initiators on the Hydrogen-Terminated Silicon 
Surface 
 
Immobilization of the azo initiators on the silicon surface was achieved through: (i) 
UV-induced coupling of 10-undecylenic methyl ester with the Si-H surface (the Si-
R1COOCH3 surface), (ii) reduction of the ester group of the monolayer on the silicon 
surface by LiAlH4 (the Si-R2OH surface), (iii) esterification of the tethered hydroxyl 
groups with 4,4’-azobis(4-cyanopentanoic acid) or ACP (the Si-R3AZO surface). The 
three-step immobilization process is shown schematically in Figure 4.2. 
 
Preparation of the Si-R1COOCH3 and Si-R2OH surfaces was carried out using the 
same procedures as those described in Section 3.1.2. For the preparation of the Si-
R3AZO surface, 3 pieces of the Si-R2OH substrates were added to a solution of 100 mg 
(4-dimethylamino)pyridine and 2 ml 1,3-dicyclohexylcarbodiimide in 50 ml dry 
dichloromethane, followed by  addition of 1.3 g of 4,4’-azobis(4-cyanopentanoic acid). 
The reaction mixture was gently stirred at room temperature overnight.  The Si-R3AZO 
substrates were taken out and washed with ethanol and water. The substrates were then 
dried by pumping under reduced pressure for about 10 h. 
 
4.1.4 Controlled Graft Polymerization of VBC on the Silicon Surface: the Si-g-
PVBC Surface 
 
VBC (4 ml, 28.4 mmol) and cumyl phenyldithioacetate (8.58mg, 0.03 mmol) were 








































































































with argon for 20 min. One piece of the Si-R3AZO substrate and azoisobutyronitrile 
(AIBN) (2.5 mg, 0.015 mmol) were then added to the solution. The reaction flask was 
sealed under an argon atmosphere and kept in a 80°C oil bath for a predetermined 
period of time. After the reaction, the silicon substrate with surface-grafted 
poly(vinylbenzyl chloride), or PVBC, was removed from the reaction mixture and 
washed thoroughly with an excess volume of acetone (Si-g-PVBC surface, Figure 4.2). 
The “free” PVBC formed in the solution by the free initiator was recovered by 
precipitating in excess methanol. Monomer conversion was determined gravimetrically.  
 
For the subsequent grafting of poly(pentafluorostyrene) (PFS) blocks on the Si-g-
PVBC surface, FS (4 ml, 28.8 mmol) and cumyl dithiobenzoate (8.16 mg, 0.03 mmol) 
were added to 1 ml of xylene. The solution was stirred and degassed with argon for 20 
min. One piece of the Si-g-PVBC substrate and azoisobutyronitrile (AIBN) (2.5 mg, 
0.015 mmol) were then added to the solution. The reaction flask was sealed under an 
argon atmosphere and kept in a 80°C oil bath for a predetermined period of time. After 
the reaction, the silicon substrate with PVBC-b-PFS copolymer brushes, was removed 
from the reaction mixture and washed thoroughly with an excess volume of xylene.  
 
4.1.5 Coupling of Viologen on the Si-g-PVBC Surface: The Si-g-viologen Surface 
 
The viologen moieties were introduced onto the Si-g-PVBC surface via the reaction of 
the Si-g-PVBC surface with an equimolar mixture of dichloro-p-xylene and 4,4'-
bipyridine (0.06 M each) in dimethylformamide (DMF) at 60°C for 20 h (Monk, 1998; 
Ng et al., 2001; Zhao et al., 2002). After the surface reaction, the functionalized silicon 
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substrates were washed thoroughly with acetone and deionized water, in that order, to 
remove the unreacted reactants. The viologen-functionalized silicon substrate (Si-g-
viologen substrate, Figure 4.2) was finally dried by pumping under reduced pressure.  
 
4.1.6 Adsorption and Photo-Reduction of Pd(II) and Au(III) Ions on the Si-g-
viologen Surface  
 
The Si-g-viologen substrate was first immersed in the palladium nitrate solution 
(containing 100 mg dm-3 Pd(II) ions in 0.05 M HNO3) for 10 min. The Si-g-viologen 
surface with adsorbed palladium ions was rinsed thoroughly with doubly distilled 
water before being dried under reduced pressure. The substrate was then inserted into a 
Pyrex® tube, degassed for 20 min, and then sealed under an argon atmosphere. It was 
subsequently exposed to UV irradiation in a Riko rotary photochemical reactor (model 
RH 400-10 W, manufactured by Riko Denki Kogyo of Chiba, Japan) at 26°C for a pre-
determined period of time. The reactor was equipped with a 1000 W Hg lamp. For the 
adsorption of Au(III) ions,  the Si-g-viologen substrate was immersed in the AuCl3 
solution (containing 100 mg dm-3 Au(III) ions in 0.05 M HCl) for 10 min. The 
subsequent photo-reduction process was similar to that described above for the Pd(II) 
ions. 
 
4.1.7 Electroless Plating of Copper and Adhesion Strength Measurements 
 
The Si-g-viologen surface with the photo-reduced palladium was immersed in an 
electroless copper plating bath for a predetermined period of time. The composition of 
the copper plating bath was as follows: 8 g/L of CuSO4·5H2O, 25 g/L of potassium 
sodium tartrate, 5 g/L of sodium hydroxide, and 9.5 g/L of formaldehyde (Ebneth, 
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1993). A copper layer of about 200 nm in thickness, as determined gravimetrically, 
was electrolessly deposited. The copper-plated Si-g-viologen surfaces were rinsed 
thoroughly with copious amounts of doubly distilled water and dried under reduced 
pressure. 
 
The adhesion of the electrolessly deposited copper with the Si-g-viologen substrate 
was evaluated by the 180°-peel adhesion strength measurement. The metallized Si-g-
viologen substrate was adhered to a copper sheet backing (0.1 mm in thickness), using 
an epoxy adhesive (Araldite® Standard, from Ciba Specialty Chemicals (UK), 
Duxford, England), for the subsequent 180°-peel adhesion strength measurement. The 
assembly was thermally cured in a vacuum oven at 120°C for 3 h prior to the 180°–
peel adhesion test. The 180°–peel adhesion strength was measured at room 
temperature on an Instron 5544 tensile tester. All measurements were carried out at a 
crosshead speed of 10 mm/min. For each peel adhesion strength reported, at least three 
sample measurements with variation within ±0.5 N/cm were averaged. 
 
For comparison purposes, electroless plating of copper was also carried out on the Si-
H and the Si-g-PVBC surfaces, albeit via the conventional two-step activation process 
(Ebneth, 1993). In this method, these silicon surfaces were first sensitized in an 
aqueous solution containing 0.3 wt% SnCl2 and 2.5 wt% HCl (12 M) for 2 min, 
followed by rinsing with doubly distilled water. The surface-sensitized silicon 
substrates were then immersed in an aqueous Pd(NO3)2 solution (containing 100 mg 
dm-3 Pd(II) ions in 0.05 M HNO3 ) for 10 min, followed by rinsing thoroughly with 
copious amounts of doubly distilled water. The subsequent electroless plating of 
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copper, attachment of the copper sheet backing, thermal post-treatment, and adhesion 
strength measurements were similar to those described above. 
 
4.1.8 Materials Characterization 
 
The chemical composition of the pristine, the graft-modified, and the metallized silicon 
surfaces was determined by X-ray photoelectron spectroscopy (XPS). The conditions 
of measurement and data analysis were similar to those described in Section 3.1.4. The 
topography of the pristine and graft-copolymerized silicon surfaces was studied by 
atomic force microscopy (AFM), using the same approach as that described in Section 
3.1.4. 
 
The thickness of the polymer films grafted on the silicon substrates was determined by 
ellipsometry, as described in Section 3.1.4. The molecular weight and molecular 
weight distribution of the PVBC homopolymer were determined by gel permeation 
chromatography, similar to those described in Section 3.1.4. Tetrahydrofuran was used 




4.2 Results and Discussion 
 
4.2.1 Controlled Graft Polymerization of VBC on the Si-H Surface via RAFT 
Polymerization  
 
In the preparation of covalently bonded polymer brushes, a uniform and dense layer of 
immobilized initiators is indispensable. The azo initiator immobilized on the silicon 
surface was used to initiate the growth of the polymer brushes in the presence of the 
chain transfer agent for RAFT polymerization. The initiators were immobilized on the 
hydrogen-terminated Si(100) (Si-H) surface by the three-step process, as shown in 
Figure 4.2. UV-induced coupling of 10-undecylenic methyl ester with the Si-H surface 
produces the ester-terminated Si-R1COOCH3 surface. Subsequent reduction of the Si-
R1COOCH3 surface by LiAlH4 forms the hydroxyl-terminated Si-R2OH surface. The 
preparation of these two surfaces has been described in Section 3.3.1. Esterification of 
the hydroxyl terminal groups with 4,4’-azobis(4-cyanopentanoic acid) yields the Si-
R3AZO surface. The presence of a N 1s core-level signal in the BE region of 398 to 
402 eV for the the Si-R3AZO surface indicates that the azo species have been 
successfully immobilized on the silicon surface. The N 1s core-level spectrum of the 
Si-R3AZO surface can be curve-fitted with two peak components of about equal sizes 
and having BEs at about 399 and 400.6 eV, attributable to the C≡N and -N=N- species 
(Chastian, 1992), respectively, as shown in Figure 4.3(a). After immobilization of the 
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Figure 4.3 XPS (a) N 1s core-level spectrum of the Si-R3AZO 
surface and (b) C 1s and (c) Cl 2p core-level spectra of the Si-g-
PVBC surface (film thickness = 6.5 nm). 
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Previous studies had shown that addition of a free or sacrificial initiator (e.g. AIBN) to 
the system facilitated the growth of brushes. The free initiator acts as a scavenger for 
the trace amount of impurities present in the reaction mixture and increases the ratio of 
initiator to monomer since the concentration of the initiator on the surface is relatively 
low. (Baum and Brittain, 2002). The presence of graft-polymerized VBC on the silicon 
surface is ascertained by XPS and ellipsometry measurements. A PVBC layer of about 
6.5 nm in thickness was observed by ellipsometry after 3h of the surface-initiated 
RAFT polymerization of VBC from the Si-R3AZO surface. Control experiments, 
under conditions similar to those for the surface initiated RAFT polymerization, were 
carried on the following surfaces: the Si-H surface, the Si-R1COOCH3 surface, and the 
Si-R2OH surface. No increase in thickness of the organic layer on any of the control 
surfaces was discernible. The results confirm that the increase in film thickness 
observed for the Si-R3AZO surface arises from graft polymerization.  
 
The presence of graft-polymerized VBC on the silicon surface is ascertained by the C 
1s and Cl 2p core-level spectra shown in Figure 4.3(b) and Figure 4.3(c), respectively. 
The C 1s core-level spectrum of the VBC graft-polymerized silicon surface (the Si-g-
PVBC surface) can be curve-fitted with two component peaks. The dominant peak 
component at the BE of 284.6 eV is assigned to the C-H species, and the minor peak 
component at the BE of 286.2 eV is attributable to the C-O and C-Cl species (Chastian, 
1992; Ng et al., 2001; Zhao et al., 2002). The Cl 2p core-level spectrum of the Si-g-
PVBC surface consists of a spin-orbit-split doublet (Cl 2p3/2 and Cl 2p1/2, with the 
respective peak component BEs at about 200.2 and 201.7 eV), attributable to the 
covalent Cl species (Chastian, 1992; Ng et al., 2001; Zhao et al., 2002). 
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 According to the mechanism of RAFT polymerization, the chain ends of the polymer 
brushes should be terminated by the dithioester groups (see Figure 4.2). These chain 
ends remain active or “living” to mediate the RAFT polymerization again (Chiefari et 
al., 1998). To test the controlled behavior of the surface-initiated RAFT 
polymerization, another round of RAFT polymerization was carried out. The Si-g-
PVBC substrate, with a PVBC layer thickness of about 6.5 nm, was returned to a fresh 
monomer solution at 80°C for 6 h. A 4 nm increase in thickness of the grafted polymer 
layer was observed after the second RAFT polymerization of VBC.  
 
Another control experiment was performed with surface-initiated free radical 
polymerization of VBC (no addition of RAFT chain transfer agent), a 25 nm thickness 
of PVBC brushes was obtained. However, no further increase in film thickness of this 
surface was observed in the second round of polymerization, although the thickness 
obtained via the free radical polymerization is larger than that obtained via RAFT 
polymerization under the similar condition. The molecular weight of the homopolymer 
formed in the solution via the free radical polymerization was also higher than that 
obtained in RAFT polymerization under the similar conditions. The results are 
consistent with the retardation phenomenon associated with the RAFT polymerization. 
(Moad et al., 2000)   
 
The “living” character of the graft PVBC chain ends is further ascertained through the 
synthesis of block copolymer brushes. Thus, block copolymerization of 
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pentafluorostyrene (FS) with the Si-g-PVBC surface was selected in the present study 
for this purpose. The F 1s signal of the FS polymer (PFS) is expected to provide a 
sensitive marker in the XPS analysis. The formation of block copolymer brushes was 
confirmed by the ellipsometry and XPS. About 3.5 nm increase in thickness of the 
grafted polymer layer was observed by ellipsometry after the second round surface-
initiated RAFT polymerization of FS at 80°C for 9 h from the Si-g-PVBC substrate 
(initial thickness about 6.5 nm). Figure 4.4 shows the XPS (a) C 1s and (b) F 1s core-
level spectra of the Si-g-PVBC-b-PFS surface. In comparison with the C 1s core-level 
spectrum of the Si-g-PVBC surface shown in Figure 4.3(b), a new peak component at 
BE of about 288.2 eV, assigned to the C-F species, appears in the curve-fitted C 1s 
core-level spectrum of the Si-g-PVBC-b-PFS surface. In addition, a new F 1s peak 
component at the BE of 688 eV has also appeared in the wide scan spectrum of the Si-
g-PVBC-b-PFS surface. After FS has been block-copolymerized onto the PVBC 
brushes, the contact angle of the Si-g-PVBC-b-PFS surface increases from about 75º to 
112º. The latter contact angle is comparable to those of the fluoropolymer films, and is 
consistent with the presence of the hydrophobic PFS blocks on top of the Si-g-PVBC 
surface. These results confirm the presence of the hydrophobic PFS blocks on the top 
of the Si-g-PVBC surface. 
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Figure 4.4 XPS (a) C 1s and (b) F 1s core-level spectra of the Si-g-
PVBC-b-PFS surface. 
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The thickness of the polymer brushes grown on the silicon surface as a function of 
polymerization time in the presence of the two different chain transfer agents is shown 
in Figure 4.5(a). An approximately linear increase in thickness of the PVBC graft layer 
on the Si-R3AZO surface with polymerization time, albeit not at the same rate, is 
observed for both chain transfer agents. Kinetics between the Surface-initiated RAFT 
and RAFT polymerization in solution should be identical and is first order. Similar to 
ATRP, the conversion is usually very low for RAFT polymerization. At the low 
conversion, or at the earlier stage of the RAFT, the kinetics can be simplified and 
approximated as zero order kinetics. 
The difference in surface graft polymerization rate indicates that the RAFT process is 
facilitated by the presence of cumyl phenyldithioacetate. RAFT polymerization 
employs thiocarbonylthio compounds of the type S=C(Z)S-R as chain transfer agents. 
The nature of the R and Z groups in the chain transfer agent is crucial to the RAFT 
polymerization process. R should be a good homolytical leaving group and the formed 
radical, R·, must re-initiate polymerization efficiently to result in chain transfer. The 
reversible addition-fragmentation sequence, in which the S=C(Z)S- moiety is 
transferred between dormant and active chains, maintains the living character of 
polymerization. To ensure efficient transfer, Z should activiate the C=S double bond 
toward radical addition (Chiefari et al., 2003). Recently, rapid RAFT polymerization 
has been obtained by changing the chain transfer agent from 1-phenylethyl 
dithiobenzoate to 1-phenylethyl phenyldithioacetate (Quinn et al., 2001). Altering the 
structure of Z group in the chain transfer agent from phenyl to benzyl group yields a 
less stable disulfide alkyl radical intermediate. Decreasing the stability of the radical 
intermediate causes the equilibrium to shift, resulting in an increase in concentration of 
the propagation polymer chains, and thus an enhanced polymerization rate (Quinn et 
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al., 2001; Barner-kowollik, et al., 2001). The slight decrease in polymerization rate in 
large reaction time using cumyl phenyldithioacetate as CTA suggests that chain 
termination on the surface, followed by bimolecular coupling or disproportionation 
reactions that consume the active chains, may also become important with increasing 
polymerization time. For RAFT polymerization in the presence of cumyl 
phenyldithioacetate, the less stable disulfide alkyl radical intermediate brings about an 
increase in concentration of the propagating radicals and thus also results in an 
increase in termination rate. 
In addition, a linear relationship between the thickness of the PVBC layer and the 
molecular weight of the “free” polymer formed in the solution was also observed when 
cumyl phenyldithioacetate was used as the chain transfer agent (Figure 4.5(b)). 
Although the exact molecular weight of the polymer grafted on the silicon surface is 
not known, its molecular weight is expected to be proportional to that of the polymer 
formed in the solution (Baum and Brittain, 2002). This result indicates that the process 
of surface-initiated RAFT of VBC is controlled. 
Additional evidence on the controlled polymerization is also provided by the “free” 
PVBC formed from the free initiator. Figure 4.6(a) shows the linear relationship 
between ln([M0]/[M]) and time, where [M0] is the initial monomer concentration and 
[M] is the monomer concentration. The result indicates that the concentration of the 
growing species remains constant and a first-order kinetic is obtained. Figure 4.6(b) 
shows the relationship between number-average molecular weight, nM , of the “free” 
PVBC and the conversion of the VBC monomer. The nM  of the “free” PVBC 
increases linearly with the increase in monomer conversion. The polydispersity index 
































C● umyl phenyldithioacetate 
(b) 












nM (×103)  
Figure 4.5 Dependence of the thickness of the PVBC layer, grown from the Si-
R3AZO surface via RAFT polymerization, on (a) polymerization time and (b) 
molecular weight ( nM ) of the free PVBC formed in the solution. Reaction 




Figure 4.6 The relationship (a) between ln([M0]/[M]) and polymerization time, and (b) 
between nM
d
and monomer conversion (CTA: cumyl phenyldithioacetate; other 




























































4.2.2 Preparation and Properties of the Viologen-Functionalized Silicon Surface 
 
The chemical m ation of the cross-linked chloromethylated polystyrene beads is 
well-known and is commonly used to prepare a variety of supports for solid phase 
synthesis (Frechet and Farrall, 1977). It involves the nucleophilic substitution of the 
ben loride group. Many of the reactions developed for the chemical modification 
of the chloromethylated polystyrene beads are probably applicable to the chemical 
functionalization of the grafted PVBC brushes on the silicon surface. The surface 
functionalized silicon substrates have potential application in hybrid molecular-
semiconductor devices or chemical-biosensors. 
 
The reaction of the Si-g-PVBC surface with 4,4’-bipyridine and dichloro-p-xylene 
results in th fo n of surface-coupled viologen (the Si-g-viologen surface). The 
chem ures of the grafted VBC chains on the silicon surface and after reaction 
with idine and dichloro-p-xylene are shown in Figure 4.7.  
 
Figures 4.8 (a) and 4.8(b) show  the respective N 1s and Cl 2p core-level spectra of the 
Si-g- g urface prepared from the reaction of the Si-g-PVBC surface ([Cl]/[C] = 
0.09) with an equimolar mixture of dichloro-p-xylene and 4,4’-bipyridine in DMF at 
60°C for 20 h.  The N 1s core-level spectrum of the Si-g-viologen su  can be 
curve-fitted with two peak compone ponent at the BE of 
 et al., 2002). The small 











nts. The dominant peak com
401.8 eV is assigned to the positively charged nitrogen (N+) of the diquaternized 
bipyridine molecules (Chastian, 1992; Ng et al., 2001; Zhao
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polymer on the silicon surface (a) before and (b) after the coupling of viologen. 
Figure 4.7 Schematic diagram illustrating the chemical structures of the grafted VBC 
(b) Si-g-viologen Surface 
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radical cation formed, in part, during X-ray excitation in the analysis chamber of the 
XPS instrument (Alvaro et al., 1997). The corresponding Cl 2p core-level spectrum of 
the Si-g-viologen surface is curve-fitted into two spin-orbit-split doublets with the BEs 
for the Cl 2p3/2 peak components located at about 197.1 and 200.2 eV, attributable to 
the ionic chloride (Cl-) and covalent chlorine (-Cl) species (Chastian, 1992; Ng et al., 
2001; Zhao et al., 2002), respectively. 
 
The chemical compositions of the Si-g-PVBC and Si-g-viologen surfaces, as 
suggests that the silicon surface is uniformly covered by the PVBC to a thickness 
Table 4.1 Chemical Composition and Film Thickness of the Si-g-PVBC and Si-g-
viologen Surfaces 
Surface CompositionaSample 
[ClT]/[C] [Cl-]/[ClT] [N]/[C] 
Thicknessb 
(±1 nm) 
Si-g-PVBC surfacec 0.09  0.0 0.0  6.5 
Si-g-viologen surfaced 0.10 0.40 0.02 7.4 
a [ClT] denotes total Cl, while [Cl-] denotes ionic chloride. Ratios were determined 
from the XPS curve-fitted Cl 2p core-level spectra.  
b Thickness was determined by ellipsometry. 
c Surface-initiated RAFT polymerization from Si-R3AZO substrates: [VBC] : 
[CTA] : [AIBN] = 950 : 1 : 0.5, [VBC] = 5.7 M, solvent: DMF, 80 ºC, 3 h.  
d Si-g-PVBC surface treated with an equimolar mixture of dichloro-p-xylene and 
bipyridine in DMF at 60°C for 
 
20 h. 
determined from XPS analyses, are summarized in Table 4.1. The fact that the [Cl]/[C] 






















Figure 4.8 XPS (a) N 1s and (b) Cl 2p core-level spectra of the Si-
g-viologen surface prepared by reacting the Si-g-PVBC surface 
with an equimolar mixture of dichloro-p-xylene and bipyridine in 
DMF at 60 ºC for 20 h. 
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comparable to the sampling depth of the XPS technique (Tan et al., 1993). The amount 
of viologen coupled to the silicon surface can be expressed simply as the [N]/[C] ratio 
and the ratio of ionic chloride to total chlorine ([Cl-]/[ClT] ratio), determined from the 
corresponding N 1s, C 1s, and Cl 2p core-level spectral area ratios. A high [N]/[C] 
ratio would indicate that a large number of the bipyridine units had been successfully 
incorporated, whereas a high [Cl-]/[ClT] ratio would indicate that the grafted VBC 
chains had rea xtensively with the bipyridine units or long viologen chains had 
been grafted (Table 4.1).  
 
Viologen, or 1,1’-disubstituted-4, pyridini salt, can exist in three 
interconvertible redox states, viz., the viologen dication, the viologen radical cation, 
and the direduced viologen (Monk, 1998). Previous studies have shown that the 
viologen dication can be readily reduced to radical cation upon UV irradiation (Ng et 
al., 2001; Sampanthar et al., 2000). The emergence of UV-visible absorption bands at 
410 and 615 nm confirm orm of gen l c The radical cation 
is caused by the transfer of a e vio gen dication. 
The viologen radical cation readily oxidizes to the viologen dication when exposed to 
air (Ng et al., ox 
states suggest duction process with the oxidation of the 
viologen radical cation (and/or direduced viologen) to viologen dication is possible. 
Photo-reduction of the adsorbed Pd(II) or Au(III) ions on the Si-g-viologen surfaces to 
their respective metal atoms was used to ascertain the redox-responsive properties of 
the Si-g-viologen surface. The plausible reaction scheme involving the photo-coupled 
cted e
4’-bi um 
s the f ation  violo  radica ations. 
n electron from the counteranion to th lo
2001). The fact that viologens can exist in three interconvertible red
s that coupling the metal re
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reduction of palladium ions on the reduced Si-g-viologen surface is shown in Figure 
4.9. 
The Si-H, the Si-g-PVBC, and the Si-g-viologen surfaces were immersed in the 
Pd(NO
 
the Si-H and the Si-g-PVBC surfaces. The Pd 3d core-level 
signal was detected only on the Si-g-viologen surface. These results suggest that the 
palladium species are chemisorbed on the nitrogen-containing groups of viologen. 
3)2 solution for 10 min. The surface adsorbed Pd species, when present, are 
revealed by the appearance of the Pd 3d core-level signal on these surfaces. No Pd 3d 
signal was discernible on 
  
electron mediation by the Si-g-viologen surface during 
Figure 4.9 Schematic diagram illustrating the process of 
the photo-reduction of surface adsorbed Pd(II) ions. 
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 The XPS Pd 3d core-level spectra of the Si-g-viologen surface after immersion in the 
d(NO3)2 solution for 10 min and then subjected to UV irradiation under an argon 
atmosphere for 30 min are shown in Figure 4.10(a) and Figure 4.10(b), respectively. 
The chemical composition of the Si-g-viologen surface ([N]/[C] = 0.02) corresponds to 
that shown in Figure 4.8. The Pd 3d core-level spectrum of the palladium ion-adsorbed 
Si-g-viologen surface before UV irradiation (Figure 4.10(a)) can be curve-fitted with a 
spin-orbit-split doublet. The Pd 3d5/2 and Pd 3d3/2 peak components with the respective 
BEs at about 338 and 343 eV, are assigned to the Pd  ions (Chastian, 1992). The 
amount of Pd uptake, defined as the [Pd]/[N] ratio and determined from the 
corresponding Pd 3d and N 1s core-level spectral peak-area ratios, is about 0.3 for this 
Si-g-viologen surface. The Pd 3d core-level spectrum of the surface after UV 
irradiation can be curve-fitted with three spin-orbit-split doublets. The new doublet at 
the lowest BEs of about 335 and 340 eV, respectively, for the Pd 3d5/2 and Pd 3d3/2 
peak components, is assigned to the Pd(0) species (Chastian, 1992; Mance et al., 
1989). The other new doublet with intermediate BEs at about 336.5 and 341.5 eV for 
the respective Pd 3d5/2 and Pd 3d3/2 components is associated with the formation of the 
Pd-N complex (the Pd* species) (Chastian, 1992; Dressick et al., 1994). The data in 
Figure 4.10(b) indicate that the conversion of the Pd(II) species to the Pd(0) species is 
about 43% with 30 min of UV irradiation. 
 
The XPS Au 4 ersion in the 
AuCl3 acid so under an Ar 
P
2+  
f core-level spectra of the Si-g-viologen surface after imm
























































































































































































































atmosphere for 30 min are shown in Figure 4.10(c) and Figure 4.10(d), respectively. 
The chemical composition of the Si-g-viologen surface ([N]/[C] = 0.02) also 
corresponds to that shown in Figure 4.8. The Au 4f core-level spectrum of the Au ion 
adsorbed Si-g-viologen surface before UV irradiation (Figure 4.10(c)) is ed by 
a major spin-orbit-split doublet (4f7/2 and 4f5/2) with the respective pe onent 
BEs at about 87 and 90.7 eV, attributable to the Au3+ ions (Chastian, 1992). The 
amount of gold uptake, defined as the [Au]/[N] ratio and determ he 
corresponding Au 4f and N 1s core-level spectral peak-area ratios, is about 0.4 for this 
Si-g-viologen surface. The Au 4f core-level spectrum of the surface after UV 
irradiation can be curve-fitted with two spin-orbit-split doublets. The Au 4f spectrum 
(Figure 4.10(d)) is dominated by a new spin-orbit-split doublet having BEs at about 84 
eV (4f7/2) and 87.7 eV (4f5/2), attributable to the Au(0) species (Chastian, 1992). The 
conversion of Au(III) to Au(0) after 30 min of UV irradiation is about 95%. The higher 
extent of conversion of the Au(III) ions to Au(0), in comparison to the conversion of 
the Pd(II) ions to Pd(0) on the same Si-g-viologen surface, is probably associated with 
the higher standard reduction potential of the Au(III) species. Thus, the he 
Si-g-viologen surface to undergo photo-induced redox coupling with of 




 ability of t
metal ions 
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4.2.3 Surface Topography 
 
The changes in topography of the Si-H surfaces after modification by RAFT-mediated 
graft polymerization of VBC and coupling of viologen were studied by AFM. 
Representative AFM images of the Si-H, the Si-R3AZO, the Si-g-PVBC ([Cl]/[C] ratio 
= 0.09), and the Si-g-viologen ([N]/[C] ratio = 0.02) surfaces are shown in Figure 4.11. 
The root mean square surface roughness (Ra) of the Si-H surface is only about 0.44 nm 
(part (a)). The Si-R3AZO surface remains molecularly uniform with an Ra value of 
about 0.6 nm (part (b)). After the surface-initiated RAFT polymerization of VBC, the 
Ra value increases slightly to about 1.4 nm (part (c)). In addition, ellipsometry 
measurements on different locations across the surface of the grafted PVBC layer 
reveal nanoscopic uniform onsistent with the presence of well-defined 
polymer chains from RAFT polymerization. These results suggest that the surface graft 
polymerization via RAFT has proceeded uniformly on the Si-R
ity in thickness, c
(d)). The increased roughness of the Si-g-
viologen surface is expected to facilitate the spatial interaction of the graft chains with 







3AZO surface to give 
rise to a densely grafted PVBC layer on the silicon surface. As is also shown in Figure 
4.11(c), the grafted VBC polymers exist as a distinctive and uniform overlayer on the 
silicon surface. After coupling of the viologen moieties, the Ra value of the Si-g-
























































































4.2.4 Electroless Plating of Copper on the Si-g-viologen Surface and the Adhesion 
trength of the Electrolessly Deposited Copper with the Si-g-viologen Surface 
 
It is well known that palladium is an effective catalyst for the electroless deposition of 
copper. The Si-g-viologen surface with photo-reduced palladium ([Pd]/[N] = nd 
[Pd0]/[Pd] = 0.43) was used for the electroless plating of copper. XPS wide scan 
spectrum suggests that, after immersing in the electroless copper plating bath for 2 min, 
the Si-g-viologen-Pd surface has been fully covered by copper to a thickness beyond 
the sampling depth of the XPS technique. The Cu 2p3/2 core-level spectrum is 
dominated by a major peak component at the BE of about 932.7 eV, attributable to 
metallic copper or Cu(0) (Chastian, 1992). 
 
Good adhesion of the deposited metals with the semiconductor substrates is crucial to 
the reliability of microelectronic components and devices. The 180°-peel adhesion 
strength of the electrolessly deposited copper with the Si-g-viologen surface is shown 
in Table 4.2. For comparison purposes, the adhesion strength of the elec y 
deposited copper with the Si-H and Si-g-PVBC surfaces was also measured. F e 
two surfaces, electroless deposition of copper had to be carried out via the two-step 
activation process. In addition to the fact that electroless metal deposition cannot be 
carried out via the Sn-free process on the Si-H and Si-g-PVBC surfaces, the 1 l 
adhesion strength of the electrolessly deposited copper with these two surfaces is also 
much lower than that of the electrolessly deposited copper with the Si-g-v n 
surface. A 180°-peel adhesion strength above 5 N/cm can be achieved for the 









Table 4.2 Comparison of the Adhesion Strength of the Electrolessly Deposited 
Copper with the Si-H, the Si-g-PVBC, and the Si-g-viologen surfaces 
Surface Activation Method 180°-Peel Adhesion 
Treatment Conditions  Strength (N/cm) 
Si-H Surface Two-step process c 0.4 ± 0.2 
2 1.8 ± 0.5 
3 Si-g-viologen Surface
Si-g-PVBC Surfacea Two-step process  
b Sn-free process d 5.6 ± 0.5 
a Chemical composition ([Cl]/[C] = 0.09).  
d by activation in Pd(NO3)2 solution. 
 Electroless plating of copper on the Si-g-viologen surface with photo-reduced Pd0 




expected to result in the spatial distribution of the graft chains into the matrix of the 
b Chemical composition ([N]/[C] = 0.02; [Cl-]/[ClT] = 0.40). 
c Sensitization in SnCl2 solution, followe
d
1 
the electrolessly deposited copper with the Si-g-viologen surface probably has resulted 
from the strong charge-transfer interaction at the Si-g-viologen/ copper interface and is 
related to the sum of all the intermolecular interactions. For the copper-plated Si-g-
viologen surface, in addition to the formation of the Pd-N complex (Pd* in Figure 
4.10(b)) during the palladium reduction step, the quaternized nitrogen atoms in the 
bipyridine rings of the coupled viologen species can also interact directly with the 
electrolessly deposited copper to form the Cu-N bonds (Yu et al., 2002), which account, 
in part, for the enhanced adhesion between copper and the Si-g-viologen surface. 
Finally, the extensive interaction of the graft chains on the Si-g-viologen surface with 
copper and palladium ions during the electroless deposition process in solution is als
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deposited metals. For the Si-H surface functionalized by a monolayer of covalently-
bonded 4-vinylpyridine (and thus without the spatially distributed graft chains on the 
surface), the adhesion strength of th osite licon 
surface was substan tion of 
the surface-coupled viologen species to simplifying the electroless metal deposition 
pro ss an adhes ssly deposi  with the 
sili n sur
 
e electrolessly dep d copper with the si
tially lower (Xu et al., 2002). Thus, the effective contribu
ce d to improving the ion of the electrole ted copper
co face is ascertained. 
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4.3 Conclusions 
Functionalization of the hydrogen-terminated Si(100) substrate (Si-H substrate) was 
first carried out via surface-initiated RAFT polymerization of 4-vinylbenzyl chloride 
(VBC). Kinetic studies revealed a linear increase in thickness of the surface graft-
polymerized film with reaction time, indicating that the chain growth from the surface 
was a controlled process with a “living” character. The rate of graft polymerization 
using cumyl phenyldithiothioacetate as the chain transfer agent was faster than that 
sing cumyl dithiobenzoate. The “living” character of the PVBC chain ends was 
further ascertained by the subsequently growth of a poly(pentafluorostyrene) (PFS) 
block from the Si-g-PVBC surface. The benzyl chloride groups of the Si-g-PVBC 
surface can be further functionalized, for example, via derivatization into the viologen 
moieties to render the resulting silicon surface (the Si-g-viologen surface) redox-
responsive. The Si-g-viologen surface with the photo-reduced palladium could be used 
to catalyze the electroless plating of copper. The 180°-peel adhesion strength of the 
electrolessly deposited copper with the Si-g-viologen surface could reach about 5.6 
N/cm. This adhesion strength value was much higher than those of the electrolessly 
deposited copper with the Si-H surface, the Si-g-PVBC surface, and the Si-H surface 

















FUNCTIONALIZATION OF SILICON SURFACE VIA PLASMA 
GRAFT POLYMERIZATION AND ITS APPLICATION IN 
ELECTROLESS PLATING OF COPPER
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Wafers of (100)-oriented single crystal silicon or Si(100), having a thickness of about 
0.7 mm, were obtained from Unisil Co. of Santa Clara, CA, USA. The as-received 
wafers were polished on one side and doped as n-type. The cleanness of silicon strips 
was described in the Section 3.1.1.1.  The monomer, 4-vinylpyridine (4VP), was 
purchased from the Aldrich Chemical Co. of Milwaukee, WI, USA. The 4VP 
homopolymer or poly(4-vinylpyridine) was purchased from the Polyscience Inc. of 
Warrington, PA, USA.  
 
5.1.2 Surface Plasma Graft Polymerization of 4VP on the Silicon Substrates 
 
The plasma polymerization apparatus was manufactured by Samco International of 
Kyoto, Japan (Model Samco BP-1), as shown in Figure 5.1. The physical geometry of 
the system had been described in detail (Zhang et al., 2001; Zhou et al., 2001). The 
surfaces of the silicon substrates were pretreated or pre-activated by the argon plasma 
at a radio frequency (RF) power of 35 W, an argon flow rate of 20 standard cubic 
centimetre per min (sccm) and a system pressure of 100 Pa for 20 s. This set of glow 
discharge conditions had been found to be optimum for activating the Si(100) surfaces 
(Zhang et al. 2001). The 4VP monomer  was introduced into the deposition chamber 
by the Ar carrier gas through a thermostated monomer reservoir. All the gas lines were 
thermally insulated. The monomer-carrier gas mixture was allowed to flow into the 
reactor chamber evenly from a distributor located in the upper electrode. The system 
pressure was maintained at 100 Pa.  After impedance matching, the glow discharge 












Figure 5.1 Schematic diagram of the plasma graft polymerization apparatus. 
RFG: radio frequency glow discharge generator; MU: matching unit; RP: 
rotary pump; U: upper electrode; G: ground electrode; S: sample. 
obtained after a fixed deposition time of 45 s (for the Si(100) surface) or 4 min (for the 
KBr pellet surface). 
 
5.1.3 Electroless Plating of Copper on the Modified Si(100) Surface and the 
Adhesion Strength Measurement 
 
The pp-4VP-Si surfaces were activated, either in the presence or absence of prior 
sensitization by SnCl2, through the immobilization of palladium catalyst for the 
subsequent electroless copper plating. For surface activation in the absence of prior 
sensitization by SnCl2, the pp-4VP-Si surface was immersed directly in an aqueous 
solution containing 0.1 wt% PdCl2 and 1.0 wt% hydrochloric acid (concentration is 12 
M) for 10 min and then rinsed with copious amounts of doubly distilled water. The 
procedures of electroless plating of copper, adhesion measurement are similar to those 
described in the Section 4.1.7. 
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 For comparison purposes, activation of the pristine Si(100) and  pp-4VP-Si surfaces 
was also carried out via the conventional two-step process (Ebneth, 1993). In this 
method, the pristine Si(100) and pp-4VP-Si surfaces were first sensitized in an 
aqueous solution containing 0.3 wt% SnCl2 and 2.5 wt% HCl (12 M) for 2 min, 
followed by rinsing with doubly distilled water. The subsequent activation in PdCl2 
solution, electroless plating of copper, attachment of the copper sheet backing, thermal 
post-treatment, and adhesion strength measurements were similar to those described 
above.  
 
5.1.4 Characterization of the pp-4VP Films and the pp-4VP Grafted Si(100) (pp-
4VP-Si) Surfaces 
 
The chemical compositions and morphologies of the pristine and 4VP plasma graft-
polymerized Si(100) surfaces were obtained by XPS and AFM, as described in Section 
3.1.5. The pp-4VP samples for Fourier transform infrared (FTIR) spectroscopy 
measurements were obtained by depositing the plasma-polymerized 4VP directly on 
the surface of a freshly-pressed KBr disc. The 4VP homopolymer film for FTIR 
spectrum was obtained by solution casting. Each FTIR spectrum was collected by 
cumulating 16 scans at a resolution of 4 cm-1. All spectra were recorded in air on a 






























































































5.2 Results and Discussion 
 
The process of Ar plasma pretreatment of the Si(100), plasma graft polymerization of 
4VP on the Si (100) surface (the pp-4VP-Si surface), surface activation by PdCl2 in the 
absence of prior sensitisation by SnCl2 and electroless plating of copper are shown 
schematically in Figure 5.2. The details of each process are discussed below. Ar 
plasma pretreatment of Si(100) surface results initially in the removal of the oxide 
layer. The subsequent formation of the Si radical and other activated species under the 
similar plasma treatment conditions has been reported in the earlier study (Yang et al., 
2000).
 
5.2.1 Characterization of the Plasma-Polymerized 4VP on Si(100) Surface 
 
It is difficult to characterize the exact chemical structure of the pp-4VP film on Si(100) 
surface, as the mechanism of plasma polymerization is much more complex than that 
of free radical polymerization. In the present work, XPS and FTIR analyses are used to 
elucidate the plausible chemical composition and structure, respectively, of the pp-
4VP-Si surface. 
 
Figure 5.3 shows the respective wide scan and N 1s core-level spectra of (a) the 
pristine Si (100) surface and the pp-4VP-Si surfaces prepared under RF powers of (b) 
5W and (c) 75W. The presence of pp-4VP on Si(100) surface can be deduced from the 
appearance of N 1s core-level spectra at the binding energy (BE) of about 398.5 eV for 
the imine (-N=) species (Chastian, 1992) in Figure 5.3(b) and 5.3(c). The barely 
discernible Si signals in the wide scan spectra of the pp-4VP-Si surfaces in Figure 
5.3(b) suggest that the thickness 
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Figure 5.3 XPS wide scan and N 1s core-level spectra of  (a) pristine Si(100) surface 
and the pp-4VP-Si surfaces prepared at input RF powers of (b) 5 W and (c) 70 W on 
Ar plasma-pretreated silicon substrates. (Ar carrier gas flow rate = 20 sccm, system 
pressure = 100 Pa, monomer temperature = 0°C, and plasma deposition time = 45 s 
 
of deposition of polymer layer is approaching the probing depth of the XPS technique 
(About 7.5 nm in an organic matrix (Tan et al., 1993)). On the other hand, the low 
[N]/[Si] ratio for the pp-4VP-Si surface prepared under the RF power of 70 W (Figure 
5.3(d)) suggests the nonuniform surface coverage by the pp-4VP, and/or the onset of 
etching and degradation effect of the plasma at the high RF power (see below). 
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 The variation in concentration of the retained pyridine groups in the pp-4VP films with 
the input RF power was investigated by FTIR spectroscopy. Figure 5.4 shows the 
respectively FTIR spectra of the 4VP homopolymer (part a), and the pp-4VP films 
deposited on KBr discs at a deposition time of 4 min and at the RF powers of 5W (part 
b) and 70W (part c). The 4VP homopolymer displays the strong bend-stretch 
vibrations at 1416 and 1598 cm-1 for the pyridine ring (Ellaboudy et al., 1996). The pp-
4VP film obtained at the lower RF power of 5 W displays the same characteristic 
absorption bands of the 4VP homopolymer.  However, for the deposition carried out at 
the higher input RF power of 70 W, the C-H stretching absorption in 2960 cm-1 region 
is enhanced. The appearance of this absorption band suggests that the free methyl 
groups are formed in the plasma polymerization process and are incorporated into the 
pp-4VP films. In addition, absorption at 2217 cm-1 and 2171 cm-1 may be attributed to 
the conjugated –C=N- structure and –N-C≡N aminonitrile structure, respectively 
(Ellaboudy et al., 1996). The appearance of these vibrations is indicated of the 
occurrence of the pyridine ring-opening reactions under the high RF power. The 
opening of the pyridine rings is also indicated by the decrease in the 1416 to 1598 cm-1 
absorption band intensity ratio. Attempts to measure the attenuated total reflectance 
(ATR)-FTIR spectra were unfortunately failured because of the thickness of pp-4VP 
layer (n ≤10nm). 
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 Figure 5.4 FTIR spectra of (a) the 4VP homopolymer, and the pp-4VP films 
deposited on KBr discs at the input RF powers of (b) 5 W and (c) 70 W. (Ar 
carrier gas flow rate = 20 sccm, system pressure = 100 Pa, monomer temperature = 
0°C, and plasma deposition time = 4 min). 
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The process of plasma polymerization includes the fragmentation of monomer 
molecules, the formation of active sites or species (radicals or ions), and the 
recombination of the active fragments, and the coupling of the active fragments to the 
activated substrates to result in polymer grafting and deposition. The deposition 
process, nevertheless, is often accompanied by other non-desirable side reactions such 
as crosslinking and substrates ablation (Chan et al., 1996). The atomic polymerization 
mechanism appears to be a reasonable mechanism for plasma polymerization (Inagaki, 
1996). To achieve the plasma state of atom and molecules, appropriate ionization 
energy is required. The plausible mechanism of activation for the 4VP monomer 
during the deposition of pp-4VP film is illustrated schematically in Figure 5.5. A 
popular controlling parameter, the apparent input energy per unit mass flow rate, or the 
W/FM ratio (Yasuda, 1985), in which W, F, and M are the RF power, the molar flow 
rate of the monomer, and the molecular weight of the monomer, respectively, has been 
used to explain the changes in polymer composition and structure with the plasma 
deposition conditions. 
 
Taking into consideration the W/FM parameter, different input RF powers give rise to 
different energies per unit mass of 4VP. There are substantial differences in 
dissociation energies for chemical bonds in organic molecules, viz., 267 kJ/mol for the 
π bond of the C=C structure, 351 kJ/mol for the C-C bond, 305 kJ/mol for C-N bond, 
and 614 kJ/mol for C=N bond (Yasuda, 1985). The difference in bond dissociation 
energy, in turn, will result in different patterns of bond dissociation in 4VP molecules, 
and hence the difference in chemical structure of the plasma polymerized polymers. At 
low RF power, activation occurs mainly at the π bond of the carbon-carbon double 
bond,
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Reaction Scheme I - Under Low Input RF Power: 
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Figure 5.5 The plausible processes of molecular rearrangements of the activated 
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Reaction Scheme II - Under High Input RF Power: 
as the π bond has the lowest bond dissociation energy. Under this condition, the 
molecular arrangement of the activated species results predominantly in the plasma 
polymers, which have similar chain structure as that of the 4VP homopolymer 
(Reaction Scheme I, Figure 5.5). With the increase in RF power, the 4VP plasma 
contains more active species and radicals, which orginate from the excitation of the 
carbon-carbon π-bonds, as well as the dissociation of the C-H bond, the opening of the 
pyridine ring, and the dissociation of the pyridine ring (Reaction Scheme II, Figure 
5.5). Reactions involving the various active species and excited states result in 
deposited 4VP polymers, which are structurally more complex.  
 
5.2.2 Effect of Plasma Parameters on the Composition of the pp-4VP-Si Surfaces  
 
It is expected that the glow discharge parameters will affect not only the chemical 
structure but also the composition of the deposited polymer. The dependence of [N]/[C] 
and [N]/[Si] ratios on the plasma parameters is showed in Figure 5.6.  The [N]/[Si] 
ratio is directly related to the graft concentration of pp-4VP on the Si(100) surface, 
while the [N]/[C] ratio is characteristic of  the chemical composition (and thus the 
chemical structure) of the pp-4VP film. The [N]/[Si] and [N]/[C] ratios are determined 
from the sensitivity factor-corrected N 1s, Si 2p and C 1s core-level spectral area ratios.  
 
The effect of the input RF power on the graft concentration and chemical composition 
of the pp-4VP films is investigated first. Figure 5.6(a) shows the dependence of the 
[N]/[Si] and [N]/[C] ratios of the pp-4VP-Si surface on the input RF power. The 
plasma polymerizations were carried at a fixed Ar carrier gas flow rate of 20 sccm, a 
system pressure of 100 Pa, and a monomer temperature of 0°C on the Ar plasma-
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pretreated silicon substrates. The [N]/[Si] ratio decreases rapidly with the increase in 
input RF power up to about 35 W, and then levels off gradually. On the other hand, the 
[N]/[C] ratios of the pp-4VP films are comparable to that of the 4VP homopolymer 
([N]/[C] = 0.143) at the low input RF powers of 5 W and 20 W. As the input RF power 
is increased, the [N]/[C] ratio decreases substantially below that of the 4VP 
homopolymer. The variations in graft concentration and chemical composition of the 
pp-4VP-Si surface with the plasma power are attributable to the difference in bond 
scission mechanism in the plasma polymerization process. At a lower input RF power 
(5 W or 20 W), plasma polymerization proceeds in the energy-deficient state. Under 
this condition, bond dissociation occurs mainly at the π bond of the vinyl group in the 
4VP molecule. Rearrangement of these active radicals results in a plasma-grafted 
polymer, which is structurally similar to that of the 4VP homopolymer. As the input 
RF power is increased to above 35 W, the plasma polymerization process transforms 
from an energy-deficient state to a more energetic state. More energy per unit mass of 
the 4VP monomer leads to more severe monomer fragmentation. As a result, the graft 
concentration (the [N]/[Si] ratio) decreases with the RF power and the deposited pp-
4VP film is structurally more disordered. 
 
The dependence of the graft concentration and chemical composition of the pp-4VP-Si 
surface on the monomer temperature is shown in Figure 5.6(b). The plasma 
polymerizations were carried out at a fixed input RF power of 5 W, an Ar carrier gas 
flow rate of 20 sccm, and a system pressure of 100 Pa on the Ar plasma-pretreated 
silicon 
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Figure 5.6 The dependence of the graft concentration and chemical composition of 
the pp-4VP films on the plasma parameters: (a) at 0°C, 100 Pa, and 20 sccm, (b) at 5 
W, 100 Pa, and 20 sccm, and (c) at 5 W, 0°C, and 100 Pa. 
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substrates. The [N]/[Si] ratio of the pp-4VP-Si surface decreases with the increase in 
monomer temperature above 0ºC while the [N]/[C] ratio remains fairly close to that of 
the homopolymer in the temperature range of 0ºC to 40ºC. Increase in monomer 
temperature results in an increase in the monomer concentration (partial vapor pressure) 
in the plasma chamber, and is equivalent to an increase in flow rate (F) of the 
monomer. Taking into account of the W/FM ratio, the energy per unit mass of the 
monomer molecules decreases with the increase in the monomer temperature at a 
constant input RF power (5 W) and carrier gas flow rate (20 sccm). The decrease in 
energy per unit mass of the 4VP molecules results in a decrease in the deposition rate, 
and thus a decrease in the [N]/[Si] ratio. On the other hand, the decrease in energy per 
unit mass of the 4VP molecules prevents the excess excitation and fragmentation of the 
4VP molecules. As a result, the [N]/[C] ratios of the grafted pp-4VP films remain 
fairly close to that of the 4VP homopolymer. 
 
The dependence of the graft concentration and chemical composition of the pp-4VP-Si 
surface on the Ar carrier gas flow rate is shown in Figure 5.6(c). The plasma 
polymerizations were carried at a fixed input RF power of 5 W, a monomer 
temperature of 0°C, and a system pressure of 100 Pa on the Ar plasma-pretreated 
silicon substrates. Since the carrier gas stream is saturated with the 4VP monomer at 
the low system pressure, the molar flux of the monomer (F) increases with the increase 
in the Ar carrier gas flow rate. Taking into account of the W/FM ratio again, the 
energy per unit mass of the monomer molecules decreases with the increase in the Ar 
carrier gas flow rate. In addition, the carrier gas flow rate also affects the residence 
time of the monomer in the plasma chamber. At a lower carrier gas flow rate, the 
residence time of the monomer for plasma polymerization and the energy per unit mass 
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of the monomer are increased. The prolonged plasma states and the relatively high 
energy per unit mass of the 4VP molecules will result in the more extensive cleavage 
of the pyridine group of the 4VP monomer. As the carrier gas flow rate is increased, 
both the energy per unit mass and the residence time of the 4VP monomer decrease. 
The reduction in the extent of molecular fragmentation results in a high graft 
concentration (a high [N]/[Si] ratio) and a chemical composition ([N]/[C] ratio) of the 
deposited pp-4VP film comparable to that of the 4VP homopolymer. However, at an 
even higher carrier gas flow rate, both the energy per unit mass of the 4VP molecules 
and the residence time of the 4VP monomer become relatively low. Under this 
condition, the deposition rate, in turn, is reduced, although the [N]/[C] ratio is less 
affected and remains close to that of the 4VP homopolymer. Therefore, in order to 
obtain a high graft concentration (a high [N]/[Si] ratio) and a [N]/[C] ratio closer to 
that of the 4VP homopolymer, the plasma polymerization should be carried out under 
the following conditions: a low plasma power (5~20 W), a low monomer temperature 
(~0°C), and a moderate carrier gas flow rate (~20 sccm). 
 
5.2.3 Interaction of the pp-4VP Film with the Si(100) Surface  
 
As an adhesion promoter, the pp-4VP film should be covalently tethered on the 
substrate surface. The formation of covalent bonds (Si-O-C bonds) on the plasma–
pretreated Si(100) surfaces during the plasma polymerization of glycidyl methacrylate 
has been reported (Zhang et al., 2000; Zhang et al., 2001). The wide scan spectra of the 
respective pp-4VP-Si surfaces, involving the pristine (parts (a) and (c)) and the Ar 
plasma-pretreated (parts (b) and (d)) silicon substrates, before and after ethanol 
extraction are showed in Figure 5.7. The plasma polymerization and deposition of 4VP 
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were carried at 5 W, 100 Pa, 20 sccm, and 0°C. The pp-4VP-Si samples were washed 
in ethanol (a good solvent for 4VP polymer) at 40 °C for at least 6 h.  After the ethanol 
extraction, the N 1s peak intensity of the pp-4VP-Si surface involving the Ar plasma-
pretreated silicon substrate decreases slight (compare Figure 5.7(b) and Figure 5.7(d)).  
The results suggest that the deposited pp-4VP film has been retained, to a large extent, 
on the Ar plasma-pretreated silicon surface after the exhaustive ethanol washing 
process. On the other hand, however, the N 1s peak intensity decreases substantially 
after the solvent extraction for the pp-4VP-Si surface involving the pristine silicon 
substrate (compare Figure 5.7(a) and Figure 5.7(c)). 
 
The above phenomena are consistent with the fact that more active sites are produced 
on the Si(100) surface in the presence of the Ar plasma pretreatment (Yang et al., 
2000). The active sites on the Si(100) surface can interact with the activated species in 
the plasma phase to result in the graft polymerization of 4VP on the Si(100) surface. 
This result is in agreement with that observed for the plasma polymerization of 
glycidyl methacrylate on the Si(100) surface under similar glow discharge conditions 
(Zhang et al., 2000; Zhang et al., 2001). The result further suggests that Ar plasma 
pretreatment is important to the enhancement of covalent bonding between the Si(100) 
surface and the plasma polymerized 4VP chains, although the Si(100) surfaces are also 
partially activated by the plasma during the plasma polymerization process. The effect 
of plasma pretreatment of the silicon wafer, prior to pp-4VP deposition, on the 
subsequent adhesion of the pp-4VP-Si with the electrolessly deposited copper are 


















































































































































5.2.4 Surface Morphology of the pp-4VP Film on the Si(100) Surface  
 
Figure 5.8 shows the respectively AFM images of the pristine Si(100) surface (part 
(a)), and the pp-4VP-Si surfaces prepared at 5 W, 100 Pa, 20 sccm and 0°C (part (b)), 
at 70 W, 100 Pa, 20 sccm and 0°C (part (c)), at 5 W, 100 Pa, 40 sccm and 0°C (part 
(d)). The surface of the polished silicon wafer before plasma graft polymerization is 
quite uniform and smooth (Figure 5.8(a)), with a root mean square surface roughness 
value (Ra) of only about 0.35 nm. After the deposition of the pp-4VP film at 5 W, 100 
Pa, 20 sccm and 0°C, the Ra value of the pp-4VP-Si surface increases slightly to 0.46 
nm. When the RF power is increased to 70 W (Figure 5.8(c)), the surface morphology 
changes more significantly, with the Ra value increases to about 0.79 nm.  The increase 
in surface roughness at the high RF power is probably attributable to the increase in 
the extent of gas phase polymerization over that of polymerization on the substrate 
surface (Sandrin et al. 2001). On the other hand, the Ra value of the pp-4VP film 
deposited at the high carrier gas flow rate and lower RF power (Figure 5.8(d)) is about 
0.64 nm. The increase in surface roughness of the pp-4VP-Si in Figure 5.8(c), together 
with the persistence of strong silicon signals in the XPS spectrum (Figure 5.3(c)), 
appears to indicate the presence of a non-uniform pp-4VP overlayer on the Si(100) 
surface. The AFM images thus suggest that the increase in RF power or carrier gas 
flow rate is not beneficial to the preparation of uniform films. Therefore, to prepare 
smooth pp-4VP films, the plasma polymerization should be carried out under the 
conditions of low plasma power and moderate carrier flow rate. 
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5.2.5 Adhesion of the Electrolessly Plated Copper with the pp-4VP-Si Surface   
 
The ultimate adhesion strength between the metal and the substrate is one of the 
primary concerns in the microelectronics applications. The adhesion strength of the 
electrolessly deposited copper obtained via the two activation methods, viz., the two-
step process and the Sn-free process, are compared first. In the Sn-free activation 
process, the palladium catalyst is incorporated onto the pp-4VP-Si surface as a Pd-N 
complex (Pd* in Figure 5.2). The formation of the Pd-N complex has been described 
earlier (Yang et al., 2001). The nucleation site densities (for the electroless deposition 
of copper) or the Pd densities on the pp-4VP-Si surfaces, as determined from the XPS-
derived [Pd]/[N] ratios, were typically in the order of 0.6 to 0.7. For the uniformity in 
adhesion strength measurements, the thickness of the electroless deposited copper 
layer was keep at about 200 nm in each case (see Experimental Section). As shown in 
Table 5.1, the values of the 180°-peel adhesion strength of copper, electrolessly 
deposited via the two-step process on the pristine Si(100) and the Ar plasma-treated 
Si(100) surfaces, are about 0.4 and 0.8 N/cm, respectively. Thus the pristine and the Ar 
plasma-treated Si(100) surfaces exhibit relatively weak adhesion with the electrolessly 
deposited copper and they cannot be activated in the absence of prior sensitisation by 
SnCl . On the other hand, the adhesion strength of the electrolessly deposited copper 
with the pp-4VP-Si surfaces (either with or without the Ar plasma pretreatment of the 
silicon substrate) obtained via the Sn-free process is higher than that obtained via the 
conventional two-step process (see Table 5.1). An adhesion strength in excess of 5 
N/cm can be achieved for the electrolessly deposited copper with the pp-4VP-Si 
surface involving the Ar plasma-pretreated Si substrate and the Sn-free activation 
process. The presence of Sn species not only poisons the palladium
2
 catalyst but also 
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Table 5.1 Effect of Plasma Graft Polymerization of 4VP on the Si(100) Surface 
on  the Adhesion Strength of Electrolessly Plated Copper  
 
Surface 
Treatment Conditions Activation Method 
180°-Peel Adhesion 
 Strength (N/cm) 
1 Pristine Si(100) Two-step process c 0.4 ± 0.2 
2 Si(100) with 20 s of 
Ar plasma treatment Two-step process 0.8 ± 0.4 
3 pp-4VP-Si(100) a Two-step process 1.3 ± 0.4 
4 pp-4VP-Si(100) a Sn-free process d 2.5 ± 0.5 
5 pp-4VP-Si(100) b Two-step process 3.4 ± 0.5 
6 pp-4VP-Si(100) b Sn-free process 5.2 ± 0.5 
a Plasma graft polymerization of 4VP on the pristine Si(100) surface. (RF power =5 W, 
system pressure= 100 Pa, monomer temperature = 0°C, carrier gas flow = 20 sccm) 
b Plasma graft polymerization of 4VP on the 20-s Ar plasma-pretreated Si(100) surface. (RF 
power=5 W, system pressure=100 Pa, monomer temperature=0°C, carrier gas flow=20 
sccm) 
c Sensitization in SnCl2 solution, followed by activation in PdCl2 solution. 
d Direct activation in PdCl2 solution only. 
reduces the bondability of the pp-4VP-Si surface to the electrolessly deposited copper 
(Jackson, 1990; Yen, 1995).  
 
The adhesion of the electrolessly deposited copper on the modified Si(100) surface can 
be described in terms of the microscopic interactions of the palladium and copper 
atoms with the pp-4VP chains at the metal/graft polymer interface and in the metal 
matrix. For the copper metallized pp-4VP-Si surface, in addition to the formation of 
the Pd-N complex during the activation step, the nitrogen atom in the pyridine rings of 
the pp-4VP-Si surface can interact directly with the electrolessly deposited copper to 
form the Cu-N bonds (Lyons et al., 1988; Rivas et al., 1994; Yang et al., 2001), which 
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accounts in part for the enhanced adhesion of the metal to the Si(100) surface. The 
phenomenon is in general agreement with that reported earlier for the electrolessly 
deposited copper on the poly(tetrafluoroethylene) surface modified by UV-induced 
graft copolymerization (Yang et al. 2001). From the comparison of the data in Figure 
5.7 and Table 5.1, apart from interaction between pp-4VP chains and copper, the 
covalent bonding of pp-4VP to the Ar plasma-pretreated silicon surface is also crucial 
to the adhesion of the electrolessly deposited copper with the pp-4VP-Si surface. 
 
The effect of the input RF power for graft polymerization on the 180°-peel adhesion 
strength of the electrolessly deposited copper, via the Sn-free activation process, on the 
Ar plasma-pretreated silicon substrate is showed in Figure 5.9. A 180°-peel adhesion 
strength above 5 N/cm can be achieved for the electrolessly deposited copper with the 
pp-4VP-Si surfaces prepared at the input RF powers of 5 W and 20 W. As the input RF 
power is increased to above 20 W, the adhesion strength of the electrolessly deposited 
copper with the pp-4VP-Si surface decreases gradually with the input RF power. The 
result is entirely consistent with the effect of the input RF power on the graft 
concentration and chemical composition of the pp-4VP-Si surface (see Figure 5.6(a)). 
Thus, the contribution of the grafted pp-4VP chains to the adhesion enhancement of 
the electrolessly deposited copper with the silicon substrate is ascertained. 
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The adhesion failure mode of the Cu/Si assembly involving the electrolessly deposited 
copper, via the Sn-free process, on the pp-4VP-Si substrates is briefly investigated by 
XPS. Figure 5.10(a) shows the respective wide scan and N 1s core-level spectra of the 
pp-4VP-Si surface, involving the Ar plasma-pretreated silicon substrate and prior to 
activation and electroless deposition of copper. The wide scan and N 1s spectra for the 
delaminated silicon surface and copper surface from the corresponding Cu/pp-4VP-Si 
assembly, having a 180°-peel adhesion strength of about 5 N/cm, are shown in Figures 
5.10(b) and 5.10(c), respectively. The fairly strong Si 2p and Si 2s signal intensities 
and the reduced N 1s signal intensity in the wide scan spectrum of the delaminated pp-
Figure 5.9 The effect of RF power on the 180°-peel adhesion strength of the 
electrolessly deposited copper, via the Sn-free process, with the pp-4VP-Si 
surface. (Plasma graft polymerization at 100 Pa, 0 ºC, 20 sccm for 45 s. Ar 
plasma pretreatment of the Si(100) surface at 35 W, 100 Pa, 25 ºC, 20 sccm for 
20 s). 
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4VP-Si surface suggest that the thickness of the remaining pp-4VP film on the silicon 
surface is less than the probing depth of the XPS technique. On the other hand, the 
presence of a weak but discernible Cu signal in the wide scan spectrum of the 
delaminated copper surface also suggests that the thickness of the pp-4VP layer on the 
delaminated copper surface is less than the probing depth of the XPS technique. The 
presence of pp-4VP on both of the delaminated surfaces is confirmed by the fact that 
the N 1s core-level spectra of the delaminated copper and silicon surfaces are similar 
to that of the original pp-4VP-Si surface. The large 180°-peel adhesion strength and 
the persistence of the pp-4VP layer on the delaminated Si surfaces readily indicate that 
the pp-4VP layer must have been covalently bonded on the Ar plasma-pretreated Si 
surface. These observations also suggest that the Cu/pp-4VP-Si assembly must have 
delaminated by adhesional failure inside the pp-4VP graft layer and no copper 
diffusion across the pp-4VP layer into the silicon substrate has occurred. The strong 
adhesion of the electrolessly deposited copper to the pp-4VP-Si substrate is 
attributable to the strong interaction of the pyridine functional groups of the grafted 
4VP polymer with palladium and copper, the spatial distribution of the pp-4VP chains 
on the silicon substrate surface and into the metal matrix, and the fact that the pp-4VP 
chains are covalently tethered on the silicon substrate surface. 
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 Figure 5.10 XPS wide scan and N 1s core-level spectra of (a) the pp-4VP-Si 
surface and the delaminated (b) Si and (c) Cu surfaces from a Cu/pp-4VP-Si 




Thin 4-vinylpyridine (4VP) polymer films were deposited, via plasma graft 
polymerization of 4VP, on the Ar plasma-pretreated Si(100) surfaces. XPS and FTIR 
results revealed that the pyridine functional groups of the plasma-polymerized 4VP 
(pp-4VP) could be retained, to a certain extent, under proper glow discharge 
conditions, such as an input RF power below 20 W, a monomer temperature of 0°C, 
and a moderate Ar carrier gas flow rate of 20 sccm. AFM images indicated that pp-
4VP grafted Si (pp-4VP-Si) surface remained relatively smooth. The grafted pp-4VP 
layer on the Si(100) surface was used not only as chemisorption sites for the palladium 
complex during the Sn-free activation process, but also as an adhesion promotion layer 
for the electrolessly deposited copper on the silicon surface (the Cu/pp-4VP-Si 
assembly). The Cu/pp-4VP-Si assembly involving the Ar plasma-pretreated silicon 
substrate exhibited a 180°-peel adhesion strength above 5 N/cm. The strong adhesion 
of the electrolessly deposited copper to the modified silicon surface was attributed to 
the strong interaction of the pyridine functional groups of the grafted pp-4VP with 
palladium and copper, the spatial distribution of the pp-4VP chains on the Si(100) 
surface and into the metal matrix, and the fact that the pp-4VP chains were covalently 
tethered on the Si(100) surface. XPS results suggested that the Cu/pp-4VP-Si assembly 
failed by adhesional failure inside the pp-4VP graft layer on the Si(100) surface and no 

























FUNCTIONALIZATION OF DIELECTRIC SILK COATED 
SILICON SURFACES VIA UV-INDUCED GRAFT 







The chemical structure of SiLK, the product of Dow Chemical Company, was shown 
in Figure 6.1. R group may be -O-, -S-, -C(=O)-, -C(CH3)2-, -C(CF3)2-, etc (Maier, 
2001). SiLK® films having a thickness of about 0.6 µm, spin-coated and cured on the 
(100)-oriented single crystal silicon substrates (SiLK-Si substrates), were used in this 
study. The surfaces of the SiLK films were cleaned with absolute ethanol before use. 
The monomers, 4-vinylpyridine (4VP), 2-vinylpyridine (2VP), and 1-vinylimidazole 
(VIDz), used for the surface graft copolymerization were obtained from Aldrich 
Chemical Co. of Milwaukee, WI, USA.  
 
R
Figure 6.1 Chemical structures of the SiLK® film. 
 
 
6.1.2 Argon Plasma Pretreatment and Determination of Surface Peroxide 
Concentration 
 
The SiLK-coated Si (SiLK-Si) substrates were cut into strips of about 10 × 30 mm in 
size. The SiLK surface was pretreated with argon plasma before the UV-induced graft 
copolymerization. Argon plasma treatment of the cleaned SiLK-Si substrate was 
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performed between two parallel-plate aluminum electrodes of 7 cm × 13 cm in area in 
a glow-discharge quartz reaction chamber (model SP100) manufactured by Anatech, 
Co. of Springfield, VA. The plasma power supply was set at 35 W at a radio frequency 
(RF) of 40 kHz. The strips were placed on the bottom electrode and exposed to the 
glow discharge at an argon flow rate of 50 sccm and a pressure of about 0.5 Torr for a 
predetermined period of time. The plasma-pretreated SiLK films were subsequently 
exposed to the atmosphere for about 20 min to affect the formation of peroxides and 
hydroperoxides, which were used to initiate the subsequent UV-induced surface graft 
copolymerization (Suzuki et al., 1986; Uyama et al., 1998).
 
For the determination of the surface peroxide concentration, the argon plasma-treated 
SiLK-Si substrate was immersed in 20 mL of an o-xylene solution containing 1.2 g/L 
diphenylpicrylhydrazyl (DPPH). The reaction mixture was purged with argon for 30 
min before being heated in a thermostated oil bath at 110°C for 30 min under an argon 
atmosphere (Zhang et al. 2001). The amount of DPPH coupled on the SiLK surface 
was determined from the increase in nitrogen content of the surface by X-ray 
photoelectron spectroscopy (XPS). Each peroxide concentration reported was the 
average of at least three sample measurements, which did not vary by more than ±10%. 
 
6.1.3 UV-induced Graft Copolymerization of 4VP, 2VP, and VIDz on the SiLK-Si 
Surfaces 
 
The Ar plasma-pretreated SiLK-Si substrate was immersed in 20 ml of the ethanol 
solution of the monomer in a Pyrex® tube. The concentration of 4VP, 2VP, and VIDz 
was varied from 5 to 40 vol%. Each reaction mixture was thoroughly degassed and 
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sealed under an Ar atmosphere. It was subjected to UV irradiation for 20-90 min in a 
Riko RH 400-10W rotary photochemical reactor, manufactured by Riko Denki Kogyo 
of Chiba, Japan. The reactor was equipped with a 1000 W high-pressure Hg lamp and 
a constant temperature bath. All the UV-induced graft copolymerization experiments 
were carried out at a constant temperature of 28 °C. After each grafting experiment, 
the VIDz graft-copolymerized SiLK-Si (VIDz-g-SiLK-Si) substrates were washed 
thoroughly with doubly distilled water. The 4VP or 2VP graft-copolymerized SiLK-Si 
(4VP-g-SiLK-Si, or 2VP-g-SiLK-Si) substrates, on the other hand, were washed 
thoroughly with copious amounts of ethanol to remove the residual monomers and 
adsorbed homopolymers.  
 
6.1.4 Electroless Plating of Copper and Nickel on the Graft-Modified SiLK 
Surfaces and Adhesion Strength Measurements 
 
The VIDz, 2VP, and 4VP graft-copolymerized SiLK-Si surfaces were activated via a 
Sn-free process (in the absence of prior sensitization by SnCl2) for the subsequent 
electroless plating of copper and nickel. The process of Sn-free activation is same as 
that described in the Section 5.1.3. The processes of electroless deposition of copper, 
and adhesion measurement are similar to those described in the Section 4.1.7. 
 
For electroless plating of nickel, a commercial solution, under the trade name of PEN-
94 and obtained from Plaschem Specialty Product Pte. Ltd. (Singapore), was used. The 
surface-activated modified SiLK-Si substrate was immersed in the plating solution for 
about 1-3 min to allow the deposition of a nickel layer of about 300 nm in thickness. 
The metallized SiLK-Si substrate was then rinsed thoroughly with copious amounts of 
doubly distilled water. 
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 For comparison purposes, the pristine and 4VP, 2VP, VIDz graft-copolymerized SiLK-
Si surfaces were activated via the conventional two-step process for the subsequent 
electroless plating of copper and nickel (Ebneth, 1993). The procedures of two-step 
activation, electroless metallization, and adhesion measurement are similar to those 
described in the Section 5.1.3. 
 
6.1.5 Surface Characterization 
 
The chemical composition and topography of the pristine and graft-copolymerized 
SiLK surfaces were determined by X-ray photoelectron spectroscopy (XPS) and 


































































































6.2 Results and Discussion 
 
The processes of Ar plasma pretreatment of the SiLK-Si substrate, UV-induced graft 
copolymerization of the SiLK-Si surface with N-containing vinyl monomers, surface 
activation by PdCl2, and electroless plating of copper and nickel are shown 
schematically in Figure 6.2. The details of each process are discussed below. 
 
6.2.1 Ar Plasma Pretreatment of the SiLK Surface and the Determination of 
Surface Peroxide Concentration  
 
The chemical composition of the pristine and Ar plasma-pretreated SiLK surfaces is 
investigated by XPS. The respective wide scan and C1s core-level spectra of the 
pristine (part (a)), and the 20-s (part (b)) and 40-s (part (c)) Ar plasma-pretreated SiLK 
surfaces are shown in Figure 6.3. For the pristine SiLK surface, the XPS wide scan 
spectrum reveals the presence of only carbon and oxygen signals (Heeg et al., 2000; 
Rajagopal et al., 1999). The [O]/[C] ratio of the pristine SiLK surface is about 0.05, 
indicative of presence of a small amount of oxygen on the pristine SiLK surface. The 
C 1s core-level spectra of the pristine SiLK films can be curve-fitted with 3 peak 
components with binding energies (BEs) at about 284.6, 286.2, 291.1 eV, attributed to 
the C-H species, the C-O species and the π-π* shake-up satellite (Beamson and Briggs, 
1992; Chastian, 1992) respectively. Surface modification of the SiLK films by Ar 
plasma treatment, followed by air exposure, results in the enhancement of the intensity 
of C-O peak component at the BE of 286.2 eV, as shown in Figure 6.3(b) and Figure 
6.3(c). In addition, two new peak components with BEs at 287.5 eV and 288.5 eV, 
attributable to the C=O and O-C=O species (Beamson and Briggs, 1992), respectively, 




Figure 6.3 C 1s core-level and wide scan spectra of (a) the pristine SiLK 
surface and the SiLK surface subjected to (b) 20 s, (c) 40 s of Ar plasma 




intensity and the appearance of the C=O and O-C=O species on the Ar plasma-
pretreated SiLK surface are attributable to the oxidation in air of the active species on 
the SiLK surface induced by the Ar plasma pretreatment. The process also accounts for 
the increase in intensity of the O 1s peak component in the wide scan spectra of the 20-
s and 40-s Ar plasma-pretreated SiLK surfaces, as well as the formation of peroxide 
and hydroperoxide species (Kang and Zhang, 2000). No aluminum signal is discernible 
in the wide scan spectra of the Ar plasma-pretreated SiLK surfaces, indicating that the 
SiLK surfaces are not contaminated by the electrode materials. 
 
The peroxides and hydroperoxides species can be used to initiate the surface free-
radical polymerization in a mechanism generally proposed for the UV-induced surface 
graft polymerization (Suzuki et al., 1986; Uyama et al., 1998). The presence and 
concentration of peroxide species on the SiLK surface, as a result of the argon plasma 
treatment and air exposure, are investigated by the reaction with 
diphenylpicrylhydrazyl (DPPH). DPPH is a well-known free-radical scavenger. Recent 
studies have shown that reactive coupling with DPPH is a highly effective method for 
determining the amount of peroxide groups on the activated polymer surfaces (Okada 
and Ikada, 1991; Ito et al., 1992). The reaction mechanism between peroxides and 
DPPH is well documented in the literature (Alger, 1989).
 
The coupling of DPPH molecules with the free radicals formed during the 
decomposition of the peroxides on the SiLK surface allows the determination of the 
relative amount of peroxides from the measurement of the nitrogen concentration on 






























Ar Plasma Pretreatment Time (s) 
Figure 6.4 Effect of Ar plasma pretreatment time on the chemical 
composition, expressed as the [O]/[C] ratio, and the peroxide 
concentration, expressed as the [N]/[C] ratio, of the SiLK surface. 
 
plasma pretreatment time on the surface peroxide concentration of the Ar plasma-
pretreated SiLK surface. The surface peroxide concentration is deduced simply from 
the [N]/[C] ratio, which is determined from the sensitivity factor-corrected N1s and 
C1s core-level spectral peak area ratio. Each DPPH molecule contains five nitrogen 
atoms, with the radical residing on one of the nitrogen atoms. Thus, by assuming 
complete coupling of the thermally dissociated peroxides on the surface with the 
DPPH molecules (Zhang et al., 2001a), the surface peroxide concentration is given by 
1/5 of the [N]/[C] ratio. For comparison, the effect of the Ar plasma pretreatment time 
on the surface [O]/[C] ratio is also shown in the Figure 6.4. The [O]/[C] ratio increases 
with the plasma pretreatment time and levels off at a value of about 0.2 at the plasma 
treatment time above 40 s. The leveling off in the [O]/[C] ratio is probably associated 
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with the onset of the etching effect of the argon plasma on the surface-activated 
species at a plasma exposure time greater than 40 s. The peroxide concentration, on the 
other hand, reaches a maximum at about 20 s of Ar plasma pretreatment. As the 
surface [O]/[C] ratio arises from a combined contribution of the peroxides, the C-O, 
the C=O and the O-C=O species, further increase in the Ar plasma pretreatment time 
probably has resulted in the formation of more highly oxidized carbon species. As a 
result, the relative concentration of the surface peroxide species decreases at a plasma 
treatment time above 20s. Thus, the argon plasma pretreatment time of the SiLK 
surface is fixed at 20 s in the later study.  
 
6.2.2 UV-induced Graft Copolymerization of 4VP, 2VP, and VIDz on the Ar 
Plasma-Pretreated SiLK Surface  
 
The presence of surface graft copolymerized 1-vinylimidazole (VIDz), 2-vinylpyridine 
(2VP), and 4-vinylpyridine (4VP) on the Ar plasma-pretreated SiLK-Si substrates is 
ascertained by XPS analysis. Figure 6.5 shows the C 1s and N 1s core-level spectra of 
the 20-s Ar plasma-pretreated SiLK surface after having been subjected to UV-induced 
graft copolymerization with VIDz (parts(a) and (b)), 2VP (parts(c) and (d)), and 4VP 
(parts(e) and (f)) for 60 min. For VIDz grafted SiLK-Si surface, the N 1s core-level 
spectrum (shown in Figure 6.5(a)) can be curve-fitted with two peak components of 
about equal sizes at the BEs of 398.4 and 400.4 eV, arising from the =N- and –N- 
species, respectively, of the VIDz polymer. In addition, the C 1s core-level spectrum 
of the VIDz-g-SiLK-Si surface(Figure 6.5(b)) can be curve-fitted with three peak 
components at the BEs of 284.6 eV, 285.5 eV and 286.4 eV, arising from the C-H, C-
N, and N-C=N/C-O species (Chastian, 1992; Inagaki et al., 1996; Wu et al., 1999), 
respectively. For the 2VP or 4Vp graft-copolymerized SiLK-Si surface, the N 1s core-
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level spectrum at the BE of 398.4 eV, is contributable to the =N- species of the 2VP or 
4VP polymer, respectively, and the C 1s core-level spectra of the 2VP-g-SiLK-Si  or 
4VP-g-SiLK-Si surface can be curve-fitted with two peak components at the BEs of 
284.6, and 285.5 eV, associated with the C-H, and C-N species (Chastian, 1992; Yang 
et al., 2001), respectively. 
 
The graft concentration of the VIDz polymer on the SiLK surface is expressed simply 
as the [N]/[C*] ratio, in which [C*] is the carbon signal contributed solely by the SiLK 
substrate. It is calculated from the expression: [C]-2.5[N], since the VIDz polymer has 
a [C]/[N] ratio of 2.5. The [C] and [N] concentrations are determined from the 
sensitivity factor-corrected C 1s to N 1s core-level spectral peak-area ratio of the 
VIDz-g-SiLK-Si surface. Similar to the case of the VIDz-g-SiLK-Si surface, the graft 
concentration of 2VP or 4VP polymer on the SiLK surfaces is also expressed simply as 
the [N]/[C*] ratio, in which [C*] is calculated from the expression: [C]-7[N]. The 
factor 7 is introduced to account for the fact that there are 7 carbon atoms per nitrogen 
atom in the grafted 4VP polymer. Optimum VIDZ, 2VP, and 4VP polymer graft 
concentrations of about 1.0, 1.5, and 3.9, respectively, are achieved on the 20 s Ar 





Figure 6.5 XPS C 1s and N 1s core-level spectra of the graft-modified 
SiLK-Si surfaces prepared at UV graft copolymerization time of 60 min. 
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The concentration of the surface grafted VIDz polymer as a function of monomer 
concentration used for graft copolymerization is shown in Figure 6.6(a). UV-induced 
graft copolymerization of VIDz was carried out on the 20-s Ar plasma-pretreated SiLK 
surface for 60 min. The [N]/[C*] ratio increases almost linearly with the monomer 
concentration up to a monomer concentration of about 30 vol%, after which the graft 
concentration increases slow. The dependence of the VIDz polymer graft concentration 
on the UV graft copolymerization time is shown in Figure 6.6(b). The UV-induced 
graft copolymerization of VIDz was carried on the 20-s Ar plasma-pretreated SiLK 
surface at the VIDz concentration of 30 vol%. The graft concentration, or the [N]/[C*] 
ratio, increases with the UV graft copolymerization time up to about 60 min, after 
which the graft concentration approaches an asymptotic value.  
 
The dependence of the graft concentration of the 4VP polymer on the monomer 
concentration used for graft copolymerization is shown in Figure 6.7(a). The UV-
induced graft copolymerization of 4VP was carried out on the 20-s Ar plasma-
pretreated SiLK surface for 60 min. The [N]/[C*] ratio increases with the monomer 
concentration up to the monomer concentration of about 40 vol% used in the present 
work. The use of higher monomer concentration tends to result in excess 
homopolymerization in solution. The dependence of the 4VP polymer graft 
concentration on the UV graft copolymerization time is shown in Figure 6.7(b). The 
UV-induced graft copolymerization of 4VP was carried on the 20-s Ar plasma 
pretreated SiLK surface at a 4VP concentration of 40 vol%. The [N]/[C*] ratio 
increases with the UV graft copolymerization time up to about 60 min, after which the 
graft concentration approaches an asymptotic value.  
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 Figure 6.6 The dependence of the graft concentration of the VIDz 
polymer and the resulting 180º-peel adhesion strength of the 
electrolessly deposited copper on (a) the concentration of the VIDz 
monomer and (b) the UV graft copolymerization time. 
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Figure 6.7 The dependence of the surface graft concentration of the 4VP 
polymer and the resulting 180º-peel adhesion strength of the electrolessly 
deposited copper on (a) the concentration of the 4VP monomer and (b) the 
UV graft copolymerization time. 
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6.2.3 Surface Topography 
 
The change in topography of the SiLK surface after modification by graft 
copolymerization was studies by AFM. Figure 6.8 shows the representative AFM 
images of the pristine and the graft-copolymerizated SiLK-Si surfaces. The root mean 
square surface roughness (Ra) of the pristine SiLK surface is about 0.5 nm. However, 
the Ra values increases to about 1.1 nm for the VIDz-g-SiLK-Si surface ([N]/[C*] ratio 
= 1.0). This result suggests that graft polymerization has proceeded uniformly on the 
SiLK surface. The Ra value of the 2VP-g-SiLK-Si surface ([N]/[C*] ratio =1.5) is 
about 0.9 nm, while the Ra value of the 4VP-g-SiLK-Si surface ([N]/[C*] ratio = 3.9) is 
about 1.3 nm. In all case, grafted polymer on the SiLK surface exists as a distinctive 
overlayer. The increased roughness of the graft-modified SiLK-Si surfaces is expected 
to facilitat the spatial interaction of the SiLK surface with the deposited copper atoms.  
 
6.2.4 Activation of the Pristine and Graft-Modified SiLK-Si Surfaces 
 
The pristine, the Ar plasma-treated, and the graft-copolymerized SiLK-Si surfaces 
were directly activated in the PdCl2 solution, in the absence of prior sensitization by 
SnCl2 (the Sn-free process). The presence of surface adsorbed Pd species is revealed 
by the Pd 3d core-level spectrum on these activated SiLK-Si surfaces. No Pd 3d signal 
was detected on the pristine, and the 20-s Ar plasma-treated SiLK-Si surfaces. The Pd 
3d core-level signal is discernible only on the graft-modified SiLK-Si surfaces. These 









































































































 Figure 6.9 shows the XPS Pd 3d and N 1s core-level spectra of the VIDz, 2VP, and 
4VP graft-copolymerized SiLK-Si surfaces after activation in PdCl2 solution for 10 
min. The graft concentration of each surface corresponds to that shown in Figure 6.5. 
The Pd 3d core-level spectra can be curve-fitted with three spin-orbit-split doublets. 
The doublet with the lowest BEs at about 335 and 340 eV, respectively, for the Pd 
3d5/2 and Pd 3d3/2 peak components, are assigned to the Pd0 species (Mance et al., 
1989). The doublet with highest BEs at about 338 and 343 eV, respectively, for the Pd 
3d5/2 and Pd 3d3/2 peak components, are assigned to the Pd2+ ions (Dressick et al., 
1994). The largest doublet with the BEs at about 336.5 and 341.5 eV, respectively, for 
the Pd 3d5/2 and Pd 3d3/2 components, are assigned to the Pd complex (Pd*) (Dressick 
et al., 1994). The Pd complex is the predominant species on the SiLK-Si surface graft-
copolymerized with the three N-containing vinyl monomers. A dominating peak 
component appears at the BE of about 399.4 eV in the N 1s core-level spectra of the 
activated VIDz-, 2VP- and 4VP-g-SiLK-Si surfaces obtained via the Sn-free process. 
The appearance of this BE component is consistent with the formation of the Pd-N 
complex. Thus, the complex formation between the palladium and the nitrogen atoms 
in the Sn-free process is ascertained. The amount of Pd uptake on the respective graft-
copolymerized SiLK-Si surfaces, defined as the [Pd]/[N] ratio and determined from the 
corresponding Pd 3d and N 1s core-level spectral peak-area ratio, is also indicated in 
Figure 6.9.  
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Figure 6.9 XPS Pd 3d and N 1s core-level spectra of (a) the VIDz-g-
SiLK-Si surface, (b) the 2VP-g-SiLK-Si surface, and (c) the 4VP-g-




Figure 6.10 XPS Pd 3d and N 1s core-level spectra of the PdCl2-activated 
4VP-g-SiLK-Si surfaces after being immersion in (a) the copper plating 




It is well known that palladium metal is an effective catalyst for initiating the 
electroless metal deposition. Previous studies have shown that the reduction of Pd2+ to 
Pd0 is the key factor in catalyzing the electroless metal deposition, and palladium 
reduction is associated with an incubation period in the electroless copper plating bath 
(Yang et al., 2001; Zhang et al., 2001). Figure 6.10 shows the respective Pd 3d and N 
1s core-level spectra of the PdCl2-activated 4VP-g-SiLK-Si surface after having been 
exposed to the nickel plating bath for 20 s (Figure 6.10(a)) and to the copper plating 
bath for 40 s  (Figure 6.10(b)) only to minimize the metal deposition. In comparison 
with the Pd 3d core-level spectrum of the corresponding surface prior to immersion in 
the electroless deposition bath (Figure 6.9(c)), the [Pd0]/[Pd] and [Pd0]/[N] ratios have 
increased from 0.04 and 0.02, respectively, to 0.22 and 0.11 after 20 s in the nickel 
plating bath,and to 0.10 and 0.05 after 40 s in the copper plating bath. The 
corresponding [Pd*]/[N] ratio decreased from 0.46 to 0.36 in the nickel plating bath 
and to 0.38 in the copper plating bath. The results suggest that palladium reduction 
occurs prior to the nickel or copper deposition process, in agreement with the 
mechanism generally proposed (Yang et al., 2001). In addition, the decrease in the 
relative intensity of the N 1s peak component at the higher BE of about 399.4 eV is 
consistent with the reduction in the Pd-N complex concentration.  
 
6.2.4 Adhesion Enhancement of the Electrolessly Deposited Metal with the Graft-
Copolymerized SiLK Surface 
 
Good adhesion between the electrolessly deposited metals and dielectrics substrates is 
crucial to the reliability of the microelectronic components and devices. The 
electroless plating of copper and nickel was carried on the VIDz, 2VP, 4VP graft-
modified SiLK surfaces via the Sn-free activation process. In this case, the palladium 
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catalyst is chemisorbed onto the VIDz, 2VP, and 4VP graft-copolymeized SiLK-Si 
surfaces predominantly as the Pd-N complex (Pd* in Figure 6.2 and Figure 6.9). The 
adhesion strength data are shown in Table 6.1. For comparison, electroless metal 
deposition was also carried out, via two-step activation process, on the pristine, and the 
20 s Ar plasma pretreated SiLK-Si surfaces. Electroless metal deposition cannot be 
carried out via the Sn-free process on these surfaces. The 180°-peel adhesion strength 
of the electrolessly deposited nickel and copper with the pristine SiLK-Si surface (via 
the two step activation process) is about 0.5 N/cm. The weak adhesion between the 
pristine SiLK surface and the electrolessly deposited metal is attributable to the poor 
interaction of metal with the SiLK surface (Rajagopal et al., 1999). The 180°-peel 
adhesion strength of the electrolessly deposited nickel and copper with the 20-s Ar 
plasma-treated SiLK-Si surface is increased to about 1.4 in both cases. After surface 
modification by graft copolymerization with VIDz, the 180°-peel adhesion strength of 
the electrolessly deposited nickel and copper can be enhanced to about 4.4 and 5.3 
N/cm, respectively. The strong adhesion of the electrolessly deposited copper and 
nickel with the graft-modified SiLK-Si surface can be described in terms of the 
microscopic interaction at the metal/graft polymer interface and is related to the sum of 
all the intermolecular interactions. For the Cu/VIDz-g-SiLK-Si assembly, in addition 
to the formation of the Pd-N complex during the activation step (Zhang et al., 2001), 
the nitrogen atoms in the grafted VIDz polymer can interact directly with the 
electrolessly deposited copper atoms to form the Cu-N bond (Xue et al., 1990), which 
account for the strong adhesion between copper and the VIDZ-g-SiLK-Si surface.  For 
the Ni/VIDz-g-SiLK-Si assembly, the nitrogen atoms in the grafted VIDz polymer can 
also form the coordinate complexes with the electrolessly deposited nickel (Zhang et  
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Table 6.1 Comparison of the adhesion strength of the electrolessly deposited 
copper or nickel on the pristine, plasma-treated and grafted-modified SiLK-
Si substrate surfaces 
 







Pristine SiLK-Si  Two-step process c 0.5 0.5 
20-s Ar plasma-  
pretreated SiLK-Si  Two-step process 1.5 1.4 
VIDz-g-SiLK-Si a Sn-free process  d 5.3 4.4 
2VP-g-SiLK-Si b Sn-free process 5.2 4.8 
4VP-g-SiLK-Si b Sn-free process 6.5 6.0 
a UV-induced graft copolymerization on the 20-s Ar plasma-pretreated SiLK-Si surface. 
(UV graft copolymerization time = 60 min, concentration of monomer = 30 vol%) 
b UV-induced graft copolymerization on the 20-s Ar plasma-pretreated SiLK-Si surface. 
(UV graft copolymerization time = 60 min, concentration of monomer = 40 vol%) 
c Sensitization in SnCl2 solution, followed by activation in PdCl2 solution. 
d Direct activation in PdCl2 solution only.  
 
al., 2001), which account for the adhesion enhancement of the electrolessly deposited 
nickel with the VIDz-g-SiLK-Si surface. 
 
Similar to the case of the VIDz-g-SiLK-Si surface, the 180°-peel adhesion strength of 
the electrolessly deposited copper or nickel with the 2VP-g-SiLK-Si surface and the 
4VP-g-SiLK-Si surface is much higher than that with the pristine and the 20-s Ar 
plasma-pretreated SiLK-Si surfaces. For 4VP-g-SiLK-Si surface, in addition to the 
formation of the Pd-N complex during the activation step (Yang et al., 2001), the 
nitrogen atom in the pyridine ring of the grafted 4VP polymer can interact directly 
with the electrolessly deposited copper or nickel (Lyons et al., 1988; Rivas et al., 1994; 
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Yang et al., 2001), which accounts in part for the strong adhesion between metal and 
the modified SiLK surface. A lower adhesion strength is observed for the electrolessly 
deposited copper and nickel with the 2VP-g-SiLK-Si surface than that with the 4VP-g-
SiLK-Si surface, which is probably due to the more sterically hindered nitrogen atoms 
in the grafted 2VP polymer. The strong interaction of 4VP graft-copolymerized SiLK-
Si surfaces (and also of the VIDz, 2VP graft-copolymerized SiLK-Si surface) with 
palladium and metal ions during the activation and the electroless deposition process in 
solution is also expected to result in the spatial distribution of the graft chains into the 
matrix of the electrolessly deposited metals.  
 
The effect of graft concentration, expressed in terms of the VIDz monomer 
concentration and the UV-induced graft copolymerization time, on the 180°-peel 
adhesion strength of the electrolessly deposited copper to the VIDz-g-SiLK-Si surface 
is also shown in Figure 6.6. Increase in adhesion strength of the electrolessly deposited 
copper coincides approximately with the increase in graft concentration of the VIDz 
polymer. This result testifies to the fact that a graft chain-induced adhesion mechanism 
is operative. A 180°-peel adhesion strength of above 5 N/cm can be achieved for the 
electrolessly deposited copper on the VIDz-g-SiLK-Si surface modified by 60 min of 
UV-induced graft copolymerization in 30 vol% VIDz monomer solution.  
 
Figure 6.7 also shows the effect of the 4VP polymer graft concentration, expressed in 
terms of the monomer concentration and the UV-induced graft copolymerization time, 
on the 180°-peel adhesion strength of the electrolessly deposited copper to the 4VP-g-
SiLK-Si surface. The electroless plating of copper was carried on the graft-modified 
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SiLK surface via the Sn-free activation process. In this case, the palladium catalyst is 
also chemisorbed onto the 4VP-g-SiLK-Si surface as a Pd-N complex (Pd* in Figure 
6.2). The increases in the 180°-peel adhesion strength of the electrolessly deposited 
copper with the graft concentration of the 4VP polymer is similar to that observed for 
the Cu/VIDz-g-SiLK-Si assemblies. A 180°-peel adhesion strength above 6 N/cm can 
be achieved for the electrolessly deposited copper on the 4VP-g-SiLK-Si surface 





Surface modification of the Ar plasma-pretreated SiLK® film coated silicon wafer 
(SiLK-Si substrate) was carried out via UV-induced graft copolymerization with three 
N-containing vinyl monomers, including 1-vinylimidazole (VIDz), 2-vinylpyridine 
(2VP), and 4-vinylpyrdine (4VP). The VIDz, 2VP, and 4VP graft-copolymerized 
SiLK-Si surfaces could be activated by PdCl2 in the absence of prior sensitization by 
SnCl2 (the Sn-free process). The Sn-free activation process involved initially the 
chemisorption of palladium, in the complex form, on N-containing functional group of 
the graft polymer. The Pd complex underwent a reduction to Pd metal in the 
electroless plating bath prior to the initiation of the electrolessly metal deposition. 
Electroless plating of copper and nickel could be carried out effectively on the 
palladium complexed VIDz, 2VP, and 4VP graft-copolymerized SiLK-Si surfaces. The 
180°-peel adhesion strength of the electrolessly deposited copper and nickel with the 
4VP, 2VP, and VIDz graft-copolymerized SiLK-Si surfaces is much higher than that 
of the electrolessly deposited copper and nickel with the pristine or the Ar plasma-











































Graft polymerization was shown to be an effective approach for the functionalization 
of silicon substrates with improved surface properties. The technique makes possible 
molecular design of surface properties of silicon for specific applications. Graft 
polymerization was successfully carried out via surface-initiated living radical 
polymerization (ATRP and RAFT) on the hydrogen-terminated silicon surface. 
Surface modification via plasma graft polymerization and UV-induced graft 
copolymerization was carried on the oxide-covered and SiLK-coated silicon surfaces, 
respectively.  
 
Controlled grafting of well-defined polymer brushes on the hydrogen-terminated 
Si(100) substrates (the Si-H substrates) was firstly carried out via the surface-initiated 
ATRP. Homopolymer polymer brushes of methyl methacrylate (MMA), (2-
dimethylamino)ethyl methacrylate (DMAEMA), poly(ethylene glycol) methacrylate 
(PEGMA), and glycidyl methacrylate (GMA) were prepared by surface-initiated 
ATRP. Surface-initiated polymerization of GMA in mixed DMF/water medium yields 
PGMA films with controlled thickness up to about 30 nm, which is much thicker than 
that of the films grown from silicon surface in DMF medium. Diblock copolymer 
brushes consisting of PMMA and PDMAEMA blocks were obtained using either type 
of the homopolymer brushes as the macroinitiators for ATRP of the second monomer.  
 
On the other hand, the 4-vinylbenzyl chloride (VBC) homopolymer brushes were 
prepared by surface-initiated RAFT polymerization from the azo initiator 
functionalized silicon surface. The “living” character of the PVBC chain ends was 
further ascertained by the subsequent growth of a poly(pentafluorostyrene) (PFS) 
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block from the Si-g-PVBC surface. The benzyl chloride groups of the grafted chains 
were subsequently derivatized into the viologen groups (the Si-g-viologen surface). 
The redox-responsive property of the Si-g-viologen surface was demonstrated by 
photo-reduction of the surface-adsorbed Pd(II) and Au(III) ions to their respective 
metallic form. Electroless plating of copper was successfully carried out on the Si-g-
viologen surface with the photo-reduced palladium. The viologen-functionalized 
silicon surface also exhibits enhanced adhesion with the electrolessly deposited copper. 
The well-defined functional polymer chains covalently tethered to the silicon atoms 
have imparted functionalities directly onto the inorganic single crystal surfaces. 
 
Thin 4-vinylpyridine (4VP) polymer films were deposited, via plasma graft 
polymerization, on the Ar plasma-pretreated Si(100) surfaces. The pyridine functional 
groups of the plasma-polymerized 4VP (pp-4VP) could be retained, to a certain extent, 
under proper glow discharge conditions. The grafted pp-4VP layer on the Si(100) 
surface was used not only as chemisorption sites for the palladium complex during the 
Sn-free activation process, but also as an adhesion promotion layer for the electrolessly 
deposited copper on the silicon surface.  
 
Surface modification of the Ar plasma-pretreated SiLK® film coated silicon wafer 
(SiLK-Si substrate) was carried out via UV-induced graft copolymerization. The 4-
vinylpyrdine (4VP), 2-vinylpyridine (2VP), and 1-vinylimidazole (VIDz) graft-
copolymerized SiLK-Si surfaces simplify the electroless metal deposition process via 
the Sn-free activation process and improve the adhesion of the electrolessly deposited 
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